Calorimetric studies of metal beta-diketonates. by Schulz, Ronald Arthur.
CALORIMETRIC STUDIES OF 
METAL (3-DIKETONATES
fcy
Ronald Arthur Schulz
A Thesis presented for the degree 
of Doctor of Philosophy in the 
University of London.
Chemistry Department, February 1970.
University of Surrey,
Guildford,
Surrey
ProQuest Number: 10804472
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10804472
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
ABSTRACT
Heats of solution at 25°C. for six trivalent metal 
(3-diketonates in benzene, acetone and chloroform, have been 
measured calorimetrically.
These results show that the solution process is only 
slightly affected by changing the metal complex over the 
range of tris 2,4-pentanedione chelates, Macac^ (M = Al, Cr,
Mn, Fe, Co), including the y-substituted tris (3 :methyl-2,4- 
-pentanediono)aluminium(III), but that significant differences 
exist between solvents. On this basis, conclusions have 
been drawn regarding the heats of sublimation of the complexes, 
and tentative suggestions have been put forward regarding 
possible solvent interaction phenomena. In chloroform 
solutions, specific interaction involving two molecules 
of solvent held by hydrogen bonds has been postulated.
Thermochemical measurements were carried out on a 
recording solution calorimeter, developed from a well-tested 
isothermal jacket design, using a 100 ml glass reaction vessel. 
The instrument incorporates a direct reading temperature 
sensing element made up of two chrome1-constantan thermo­
couples connected in parallel. The thermostatically controlled 
water bath (4^ 0.001°C.) which provides environmental control 
for the isothermal jacket, has been utilised to stabilise all 
the temperature sensitive components of the thermocouple 
circuit, except the sensing junctions, which are housed in a 
re-entrant tube on the reaction vessel.
The thermocouple output is applied to a high gain
D.C. amplifier which displays the equivalent temperature
(emf.) vs time curve for the calorimeter on a strip-chart
recorder. Increased sensitivity has been achieved by
using a precision microvolt source in the input circuit,
to "back-off" most of the applied signal. Calibration is
carried out electrically and reactions involving emf.
changes of the order of 1.0 y,V have been consistently measured
to better than _+ 0. 005 1J.V, i.e. equivalent to a resolution 
— oof 1 x 10 C. or 0.015 joules.
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INTRODUCTION
1- TRIVALENT METAL 3-DIKETONATES
One of the most widely investigated series of co­
ordination compounds has been the trivalent metal {3-diketonates 
and as such they provide a suitable foundation for the
extension of studies into solvent interaction using calorimetry.
3 +In particular, the M ions of Aluminium, Chromium, Manganese, 
Iron and Cobalt, all form neutral chelate complexes with three 
molecules of 2,4-pentanedione.
M3+ + 3C HgOg : M(C5H702)3 + 3H+
Each of these complexes (henceforth referred to as
Macac^, where M = Al, Cr, Mn, Fe, Co) can be readily prepared
in crystalline form, all are soluble in organic solvents,
sparingly soluble in water and are decomposed by strong acids.
Cryoscopic measurements in b e n z e n e , a n d  vapour density
[*2]
determinations at elevated temperatures, confirm mono-
molecularity in liquid and gas phases. Melting points are of
the order of 200°C., and in some cases sublimation occurs
[3]without decomposition. Al(lll) provides a convenient
contrast with the remaining first row transition metals.
1.1. Crystal Structures
Before considering the conditions which exist when 
these compounds are dissolved in a solvent, it is essential to 
clearly define their molecular structure in the solid state.
T4]AstburyL first suggested from combined crystallographic 
and X-ray evidence, that these complexes were built up of
closely related unit cells with a similar molecular distribution.
Subsequent structure determinations^i^^  ^  have differed in
r 0*1
detail, but recent work1 suggests that the complexes are 
isomorphous, and that the central metal atom is surrounded by 
an essentially regular octahedral environment of oxygen atoms, 
from the three planar chelate ligands. This basic structure is 
shown in Fig. l(a). The two exceptions seem to be Mn and Fe, 
the former exhibits a 7° - 8° £9il03 distortion, Fig. l(b), 
and the latter falls into the orthorhombic crystal class, unlike 
the others which belong to the monoclinic system. Details of 
the individual structures are given in Fig. 2.
Packing in the monoclinic lattice takes the form of 
layers with alternate stacking of right and left-handed 
molecules. Chelate rings of neighbouring molecules pack
r 81
directly above one another along the b axis. ~ The 
molecular diameter is approximately 12A, while the inter- 
molecular distance for adjacent methyl carbon atoms is of the 
order of 3.5A. This indicates that the crystal lattice is
r 81held together by Van der Waals forces, with no indication 
of any specific intermolecular bonding such as suggested 
for Cuacacg,
1.2. Electronic Configuration and Bonding
Magnetic susceptibility measurements at 25°C. 
have shown that for transition metals, all the complexes 
in this series except Coacac^ are paramagnetic, see Table l(a). 
From Valence Bond theory, the metal-oxygen bonds for these
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Table 1 - Characteristics of Tris(2,4 pentanediono)M(lII)
Complexes (M = Al, Cr, Mn, Fe, Co)
1 (a)
Metal
Ionic radius No. of electrons 
X (M^+ outer shell)
Magnetic
susceptibility
y,eff(BM)25°C
Configuration 
(3d electrons
d d
e Y
Al 0.57(a) 2p6 3d° (b) — —
Cr 0.65 3d3 3.8 3
Mn
L
o.66 3d 4.98 3 1
Fe 0.67 3d5 5.90 3 2
Co 0.65 3d - 6
(a) = [13]; (b) = •
1—
1
Cl 
H 
1 _
1
1 (b)
Metal
3d orbital:splitting Force constants TtBonding 
parameter (A) parameter
-1 K(M-O) K(C=0) 10 BM0( cm-cm
, m.p.t.
a ) °c.
Al 2.6 (b) - (c^6 8 ^  - 194.6^
Cr 1810 2.3 1.7 6.7 11 216
Mn “1700 - <Fe 12 130
+ decomp.
Fe "1640 1.65 1.3 6.7 12.5 179
Co "2100 2.4 1.9 6.7 14 213
(a) = [14]; (b) = [15]; (c) = [16] ; (d) = [17]; (e) = [18].
Table 1 (contd.) 
1 (c)
Complex EM0^ OuleS^covalent
EM0 K^jouleS^
ionic
Alacac^ 263.5(a)
(b) 1 0 ^ 5 ^
Cracac^ 230 222 1025
Mnacac^ 175.7 171.5 1015
Feacac^ 178.3 217.5 1030
Coacac - 196.6 1070
(a) = [19]; (b) = [19,20].
compounds, would be expected to involve the outer d orbitals 
and exhibit a definite ionic character. In contrast, the
r2l]diamagnetism of Coacac, indicates that its 3d electrons
are spin-paired, giving rise to predominently covalent 
metal-oxygen bonds.
The effect on the energy levels of the 3d orbitals 
resulting from the electric field of the ligands is best 
considered in terms of Crystal-Field theory. Accordingly, 
the five-fold degeneracy of these orbitals in the "free-ion" 
state is destroyed, since those nearest the donor atoms are 
effectively destabilised by an increase in energy. For an 
octahedral field symmetry (0^)» this destabilisation splits 
the five orbitals into two groups, a doubly degenerate 
level (d^), and a triply degenerate level (d£), as shown 
in Fig. 3. The energy difference between these two levels 
(A), is a measure of the strength of the crystal field.
Table l(a) summarises the electronic and magnetic data for 
the series.
The inadequacy of both VB and CF approaches becomes 
apparent when a more precise treatment of the metal-oxygen 
bond is r e q u i r e d . F o r  example, there is evidence to 
suggest that metal-ligand 7T bonding is present in these
r24 25Icomplexes. ’ Such an effect cannot readily be explained
by either of the above theories and it becomes necessary to 
turn to more refined concepts, such as molecular orbitals, 
or to a modification of the CF approach.
Nevertheless, a general picture of the bonding in
these complexes has now been deduced. Spectroscopic and
magnetic data indicate that only a weak crystal field strength
is established by the donor oxygens of the three ligand
molecules. Metal-oxygen bond lengths are constant, except
for Mh(lll), but the bond seems to contain varying amounts of
ionic, covalent and 7T character, depending on the individual
3 +metal ions. Al with the smallest ionic radius has the 
most concentrated charge, and is least likely to exhibit 
electron polarisation. The force of attraction acting on 
the donor oxygen lone pairs is therefore significant, and 
should lead to predominantly covalent bonding. For the 
transition metals, the extent of ionic or covalent character 
is influenced by the atomic number (since the ionic radii 
are equal), and the amount of nuclear screening provided by 
the d-electrons. The latter is most effective for 
configurations with d^ electrons, since these directly 
affect the metal-oxygen bonds. The Fe(lll) and Mh(lll) 
complexes fall into this category, see Table l(a), and 
these co-ordinate bonds are therefore likely to exhibit a 
degree of ionic character.
The TT-bonding contribution is not yet fully clarified.
No conclusive proof has emerged from N.M.R. studies of ring 
rofi 9 7 1
currents, * that the TC electron system of the chelate rings 
is completely delocalised. C-C bond lengths are consistent 
with conjugated TT-bonding on the ligand, and experimental 
data from E.S.R., I.R. and U. V. spectra (including single 
crystal spectra), can only be interpreted in terms of some
form of metal-ligand TT-bonding. 28-301 There is evidence
to suggest that this takes the form of an interaction between
r 1 7  p o"|
the ligand TC system and the metal d£ orbitalsL ’ although
T15 29 31]opinions differ as to the nature of this interaction. ’ 1
The splitting of the d_ energy levels due to TT-bonding hasO
been measured spectroscopically, and it seems that the effect
is either relatively weak, or that it represents the nett
tt tt  ^ rp.cn
result of two mechanisms. M * 0 and M ^ 0.L However,
7 ■ i  ■ 1
since all five complexes are essentially equivalent in structure, 
3 +and since Al has no d-electrons, d_ — > p_ metal-ligand’ TT TT
TCbonding is not generally favoured, and M ---  L(tt) bonds,
involving metal 3d or 4p orbitals and the ligand TT-electron
F17 31]system are likely alternatives.1* ’
A qualitative assignment of metal-ligand bond strength 
has been made in terms of the d-orbital splitting parameter 
(A). Force constants from the infra-red M-0 stretching 
frequencies^* ^  have also been used to obtain the relative
bond strengths for the series, and a comparison of results 
is given in Table l(b). Although the numerical agreement is 
not good, it seems certain that Al, Cr and Co form stronger 
bonds than Fe and Mn. The order of increasing TT contribution
r 17](which may be as much as 100-150 K./mole) based on Barnum's
J
calculation is:
Cr <  Mn ~ Fe <  Co 
Direct measurements of bond strength based on heat of
r2o] r 32]combustion1* and heat of solutionL data, have been 
expressed in terms of the homolytic (E^q ) and heterolytic
(EjJjq) bond energy parameters. These values are listed
in Table l(c), but since they are formulated in terms of 
ionic or covalent bonding they are only approximations to the 
"true bond energies". Nevertheless, it can be deduced that
r 33]the order of increasing covalent character is probably:
Fe <  Mn <  Cr <  Co <  Al.
2. MOLECULAR INTERACTION IN SOLUTION
2.1. Intermolecular Forces
The nature and intensity of interactions between atoms 
and molecules both in the free (gaseous) state and in condensed 
phases, have been the subject of extensive practical and 
theoretical investigation. Interatomic and intramolecular 
forces are familiar because of their fundamental importance 
in chemical structure and reactions, but the influence of 
intermolecular forces is not always apparent.
Certain inconsistencies observed in the physical 
properties of compounds, e.g. volatility, melting point, 
hardness, etc., have been attributed to the presence of 
specific interaction between molecules, frequently in the 
form of hydrogen bonding. In fact, ample evidence is
available from vapour pressure measurements of liquid 
mixtures, molecular weight determinations, and activity 
coefficients, that intermolecular forces play an important 
role in the liquid state and doubtless affect the kinetics
r a r a/T on*|
and mechanisms of chemical reactions in solution. 1
Any systematic study of the phenomena which give rise 
to molecular interaction in solution, is necessarily concerned 
with the analysis of contributions from each of the following 
factors:
(a) Interaction forces between solute and solvent.
(b) The influence of the solvent on the forces 
operating between solute molecules.
(c) The influence of the solute on the forces operating 
between the solvent molecules.
Obviously these effects are greatest for charged species 
and consequently most of the systems studied in detail have been 
electrolytes in polar solvents. Buckingham’s1*^  summary of 
ion-solvent interaction in terms of hydration, demonstrates 
the complexity of the theoretical treatment, and the difficulty 
involved in the derivation of a mathematical analogue to the 
conditions which exist in solution.
As the chemistry of metal co-ordination compounds has 
developed, another approach has opened, since the environment 
of the metal ions can be fixed by the nature of the ligands 
and the symmetry of the molecular unit formed. The exact 
spatial arrangement of the ligands can be determined from 
X-ray diffraction studies of the crystalline material, and 
in the absence of dissociation or reaction, the same basic 
structure will be retained in solution. In the case of 
transition metal complexes, their visible region absorption 
spectra provide a convenient method of monitoring changes in 
the "ligand field", and this technique has been widely used
r 39]
in the investigation of solvent effects. ^
2.2. Solvent Effects:
When a neutral complex is dissolved in a solvent, the
I
initial consideration must be the change in structure of the 
basic molecular unit. Three main possibilities exist:
(i) The molecular unit is monomeric in solid and 
solution.
(ii) Structural changes take place which affect the 
molecular aggregation (e.g. polymers).
(iii) The complex dissociates in solution.
Both (ii) and (iii) will contribute to any observed 
solvent effects, and unless they can be eliminated or 
evaluated, no direct comparison of solid and solution states 
is possible.
The change in energy which accompanies the solution 
process for a compound of type (i) above, is determined by 
two main factors:
(a) Heat of sublimation (AH , _ )subl
(b) Interaction energy in solution.
It follows that (b) is inherently connected with the 
structural changes of a species in solution due to solvation 
or adduct formation. The effect of this type of interaction 
on chemical reactions in solution, has been demonstrated by 
Drago, ^ and Parker has recently reviewed the effect
of solvents on the rates of bimolecular reactions.
2.3. Energy of Interaction:
The mutual potential energy of two neutral diamagnetic 
molecules in their ground states, separated to an extent 
which precludes orbital overlap, gives rise to a total energy 
of interaction (U), which is assumed to be the sum of four
contributions :
u = u + u .  + U J + Ue i d r
where TL = electrostatic energy of the permanent multipole 
moments;
tL = energy resulting from induced multipole moments;
= energy due to London-dispersion forces;
= energy of repulsion arising from the outer closed 
shells.
The Ug term is normally considered as arising from 
dipole-dipole interaction and is expressed as a function of
_  o
r (r = separation). The XL and terms both involve
long range effects; XL arising from the polarisation of the
electron distribution and nuclei of one molecule by the
electric field of another (r~^), and resulting from
perturbation due to the instantaneous polarisation effects
P4l]between both molecules. London1* applied quantum-
—6mechanical perturbation theory to demonstrate the r”
dependence of and the close relationship between dispersion
forces and the polarisability of molecules. The precise
form of the XJ^  term is not clear, but repulsive forces
only become significant for small values of r.
Subsequent extensions to London’s theory have
produced the more comprehensive "Susceptibility Theory",
r*4 2]
which has been applied by McLachlan to determine the 
effective force between two neutral non-polar molecules 
dissolved in a liquid at room temperature. As such it
represents the closest theoretical approach to the problem of 
solvent interaction. More practical aspects have been
r 37]discussed by Parker, and it is apparent that the forces
of interaction between solute and solvent can be classified 
into four main types:
(i) Electrostatic.
(ii) Dispersion.
(iii) Specific interaction, e.g. hydrogen bonding.
(iv) Structure making or breaking.
3. SOLVENT INTERACTION
By far the most widely used method of deriving the 
relative degree of interaction in non-aqueous solvents, has 
been the measurement of the change in some parameter with 
respect to a reference state. So called "inert" solvents 
such as benzene, hexane, or carbon tetrachloride are 
normally chosen as the reference solvents for spectroscopic 
studies, but the parameter monitored depends on the 
technique. Spectral shifts in the ultraviolet, visible 
and infrared regions, as well as N.M.R. shifts have been 
used for this purpose, but in general these effects are small, 
and a detailed interpretation of the results is not always 
possible.
IllThe M acac^ complexes dissolved in organic solvents
such as benzene, acetone, chloroform, carbon tetrachloride,
have been studied in this way, but mainly from the point of
T 30 43]view of ligand induced shifts. ’ However, solvent induce
r 27 29 4 31shifts have been reported, 1 ’ and with the structural
data available (section 1.), the system is suitable for the 
extension of solvent interaction studies.
3.1. Macac^ Complexes in Organic Solvents:
r 27]Linck and Sievers using N.M.R. spectroscopy have
established the main features of solvent interaction for this 
system from the resonance shifts of the terminal and ring 
protons of Alacac^ (and related ligands) in various solvents. 
Chemical shifts relative to external TMS were corrected for
bulk susceptibility differences and reaction field effects 
where necessary, and analysed as contributions from Van der 
Waals1 forces, solvent magnetic anisotropy and complex 
formation. An additional parameter (0), the difference 
in chemical shift between terminal and ring protons, was 
also used. Their interpretation of the results produced 
the following conclusions
(1) Specific interaction occurred with both
acetone and chloroform.
(2) Coordination through octahedral faces with donor
solvents.
(3) Interaction did not involve the 3 ;carbon proton
on the chelate ring.
(4) Essentially polar interaction forces’which could
be directed at the metal ion.
(5) Weak hydrogen bonding could occur with solvents
such as chloroform.
However, the situation was by no means clear because 
in spite of (2) and (3) above, the ring proton was greatly 
affected by acetone and in addition, no distinction could 
be drawn between direct coordination to the metal and 
hydrogen bonding to the carbonyl oxygens. Hopkins and
T441Douglas1* approached the problem by studying the 
distribution constants for the complexes between water and 
several organic solvents. In carbon tetrachloride the 
degree of hydration increased in the order:
Co <  A1 <  Cr
and for Coacac^ in different solvents, hydration was greater
in benzene and carbon tetrachloride than in chloroform.
Solvation through octahedral face, positions was
proposed, but although interaction was strongest for
chloroform, there was no direct evidence of hydrogen bonding.
[*43]However, this evidence was produced by Fackler et al.
from intensity changes in the infrared C-D stretching frequency,
[*45]characteristic of hydrogen bonding. ■“ Infrared measurements
on the complexes (M = Mn, Co, Cr, Fe) in CDCl^ solutions, and 
visible spectra of Mnacac^ in various solvents, suggested some 
form of interaction with the chelate ring, although a recent 
reassessment of the solvent sensitive visible absorption b a n d ^ ^  
leaves this open to doubt.
Solvates with CHCl^: Steinbach et a l . ^ ^ ’^ ^  studied the
vapour pressure - composition characteristics of these 
complexes (M = Al, Fe, Cr) with halomethanes and found that 
solvates were formed. The 2:1 solvates with chloroform 
were subject to a preliminary X-ray analysis, and it was 
suggested that the two chloroform molecules aligned along 
the 3-fold inversion axis of the complex, between layers in 
the crystal lattice (see section 1.1.).
Although this does not strictly apply to a 
solution, it does give some idea of the most favourable 
regions of approach for solvent molecules involved in 
specific interaction. In this position, each chloroform 
molecule is centered over an octahedron face, but the nature
of the bonding was not specifically defined. Bond strengths 
were expressed as enthalpy changes derived from plots of log p 
against —  , corrected for the heat of vaporisation of the 
halomethane. Values for the chloroform solvates of Cracac^, 
Alacac^ and Feacac^, were given as ~ 20Kj/mole, 21.3Kj/mole 
and 20.5Kj/mole respectively.
3.2. Solvent Donor-Acceptor Adducts
Although the presence of solvent interaction has been 
clearly demonstrated, the exact nature of this interaction is 
still uncertain. The solvents themselves, however, give some 
indication of more specific types of intermolecular bonding, 
since all are capable of forming adducts with suitable donors 
or acceptors.
N.M.R. studies established the existence of adducts 
with benzene and ketones or polar molecules, and from the
observed chemical shift, the structure of the chloroform adduct
r 491
was thought to be.
Cl
Cl Cl
Presumably in this case, there :j.s a hydrogen bond formed 
between the chloroform hydrogen and the benzene TC-electron 
system.
A deuteroform-acetone adduct formed through "hydrogen"
bonding has been detected by the ten-fold increase 
in intensity of the C-D infrared absorption band of CDCl^ in 
acetone solution.
It follows that each of these solvents must be 
considered capable of giving rise to specific solvent-solute 
interaction. However the intermolecular forces acting in 
the pure liquids are also important when considering overall 
solvent effects (see section 2.1.), and the evaluation of both 
these characteristics is necessary.
3.3. Interaction Characteristics of Solvents 
f5l]
Rowlxnson calculated the extent of self association
in the gas phase for chloroform, acetone and water based on the 
second virial coefficient. These results (Table 4) showed 
that acetone was apparently capable of significant dipole-dipole 
interaction (~ 12 Kj/mole), without forming hydrogen bonds. 
Chloroform showed little tendency to associate through hydrogen 
bonding (3-4 Kj/mole) and in each case the non-specific 
(dispersion and polarisation) interaction energy was ~ 4-8 Kj/mole.
This information can only serve as a guide to 
conditions in solution, but the chemical shift observed for the
r 52]proton resonance of chloroform when diluted with cyclohexane, 
suggests that self-association does occur. No comparable 
results are available for benzene, but its ability to contribute 
to non-specific interaction has been demonstrated in terms 
of the shift in the proton resonance of cyclohexane (w.r.t0 TMS) 
from benzene to carbon tetrachloride.
Thus benzene, which is normally considered as an 
"inert" solvent appears capable of forming weak donor-acceptor 
bonds in addition to non-specific interaction which probably 
arises from dispersion forces. Hydrogen bonding with 
acetone can occur through the carbonyl oxygen with the methyl
r50 53]hydrogens not normally involved. ’ However, polar
interaction forces are probably more significant in this 
case. The reverse holds for chloroform which shows a marked 
tendency for hydrogen bonding.
Bond strength: An estimate of the strength of the
intermolecular forces acting in the pure liquids can be 
obtained from their heats of vaporisation. For benzene, 
acetone and chloroform at 25°C. the values are 33.9 Kj/mole,
32 Kj/mole, and 31.^ Kj/mole respectively (see Table 6) 
which shows that effects derived from the individual 
characteristics mentioned above are relatively small.
The bond strengths associated with more specific 
interaction (e.g. adducts) have normally been derived from 
the variation of equilibrium constant (K) with temperature, 
using the equation:
log K = - 'a.yojRT + c (3.3.1)
r5k 53 561K values based on N.M.R. chemical shift, - infrared
absorption intensity^^ and calorimetric data, have been
used, and representative values of AH are shown below:
Adduct AH
Chloroform-acetone -12 Kj/mole
Chloroform-benzene -8 Kj/mole
In cases of secondary association of chloroform,
[57]when attached to a strong proton acceptor (e.g. acetone,
h of
[57]
r ^ 81
dioxane ), the strengt  the second bond formed has been
reported as -3-^ Kj/mole.
Cl Cl
AH | I
(CH.)„CO — -- H —  C —  C l  H —  C —  Cl3 2 j !
Cl Cl
3.4. Electric Polarisation
The theoretical aspects of intermolecular interaction 
have been outlined in Section 2, and it is obvious that the 
polarisation properties of solute and solvent play an 
important part, especially in the case of dispersion forces. 
In addition, if permanent dipoles exist, electrostatic forces 
become significant, and it follows that data on dielectric 
constants, dipole moments and polarisabilities of solutes and 
solvents are necessary for a detailed interpretation of 
experimental results.
The information given in Table 3 for* some common 
organic solvents, shows that the dipole moments increase in 
the order:
CgHg ~ CC14 <  CHC13 <$ (CH3>2CO
while the average polarisabilities increase along the series
(CH )2C0 <  CHC13 <  CgHg ~ CC1V
The corresponding data for the metal complexes are
more difficult to obtain and agreement between published values
is often poor (see Table 2). The electron polarisations
(P ) based on refractive index measurements, increase in the e
order:
Al ~ Fe <  C r < C °
but uncertainty arises over the atom polarisation (P ) which
has been shown to be abnormally high both in solution and
vapour phases. However, measurements in the solid
state gave a normal P& value for Feacac^ and the abnormality
P62I
was attributed to the existence of a permanent dipole.
This was supported by solution measurements, but in general, 
the agreement between values reported for dipole moments in 
benzene solution is unsatisfactory (see Table 2), and no 
overall conclusions can be drawn.
However, as expected, Alacac^ shows consistently 
low polarisation effects, while Co-acac^ exhibits a high 
degree of eLectron polarisation together with a low "dipole 
moment". The results for Feacac^ and Cracac^ are inconclusive, 
and no information is available for Mnacac^.
Table 2. - Electric Polarisation of Macac^ Complexes
Compound
Pt(cm3) 
gas phase
Dipole Moment (D^ 
benzene solution 25 C.
Alacac^ 9 1 . 1 ^ 130.8^  1.44^a>* _ <c)K l.43(d)
XX / nXX
1.43
Cracac^ 95.3 135.5 1.43 - 1.6 1.6
Mnacac^ - - - - -
Feacac^ 91.5 146.6 1.66 1.35 1.47 1.35
Coacac^ 99.4 1.20 - 1.35 1.35
3£ Induced moment (P.-P ). (a) t e = [59]; (b)
11 1—
1
0  
1_1
Not specified. (c) = [62]; (d) = [63];
(e) •
l—
1 
VO1_III
Table 3. - Electric Polarisation of Solvents -
Density Dielectric 
Solvent gm/cc constant
Dipole moment Polarisability (oc) 
(D) A^
Benzene 0. 88(a) 2.26(a) 0 < * > 10.3(c)
Acetone 0.79 20.7 3.0 6.3
Chloroform 1. 49 4.81 l.l 8.4(e)
Carbon 
Tetrachloride 1. 59 2.24 0 10.5
Water 1. 0 78.5 1.8 1.5(d)
(a) = [65]; (b) = [64]; (c) = [66]; (d) = [37];
(e) Calculated as in [37].
3.5. Thermochemistry:
In preceding sections, solvent interaction has been 
developed in terms of the metal (3-diketonates with selected 
organic solvents, and specific interaction between the 
solvents themselves, such as adduct formation or self 
association. The latter has to some extent been classified 
according to bond type and intensity, but in order to 
analyse the whole process of solvation more thoroughly, 
further information is required concerning the metal complexes 
in solution. It may then be possible to estimate the extent 
of solvation and the relative contributions made by 
Van der Waals1 forces, specific interactions or structural 
rearrangements (see section 2.), and perhaps establish more 
positively the nature of specific linkages such as hydrogen 
bonds.
A suitable thermochemical reaction scheme which could 
lead to the evaluation of solvation enthalpies would be as 
follows :
■>* Macac (g)Macac„(c)
AHAH,
From Hess's Law, the overall thermochemical equation is then:
a h x = AH2 - a h3 (3.5.1)
where AH^ = total heat of solvation 
AH^ = heat of solution 
AH^ = heat of sublimation 
Note: for definitions see Appendix A.
The heat of solvation can therefore be determined from 
the heat of sublimation of the metal complex, together with 
the experimentally determined heat of solution in a given 
solvent at a convenient temperature, e.g. 25°C.
25Heats of sublimation : ^he volatility characteristics
IIIof the Macac^ complexes have oeen studied by several
workers,^^’^ ’^ ^  using two basic techniques, the isoteniscope
and the Knudsen effusion cell. AH , _ values were derived fromsubl
vapour pressure temperature relationships and accuracy was 
reduced because of the experimental difficulties in measuring 
low vapour pressures and accurate temperatures. Table 5, 
which contains a comparison of published data, bears out 
this fact, and no clear indication of the "true values" is 
given, except that they are probably of the order of 100 Kj/mole,
25Heats of solution : Thermodynamic functions related
to the solution of the complexes (M = Co, Cr, Fe) in solvents 
such as benzene, chloroform, carbon tetrachloride, toluene 
and cyclohexane, have been determined from temperature studies 
of s o l u b i l i t y . A  selection of values is given in 
Table 7, however, since these refer to concentrated solutions,
<
Table 4. - Interaction Energy in Pure Solvents
Solvent
Equilibrium
Separation
(X)
Non-polar and 
polarisation 
Kj/mole
Polar and 
H-bond 
Kj/mole
Trouton1s 
constant
Water 2.68(a) 3. 2 ^ l8.6 (a) 26.04
Acetone 3.91 4.3 13.8 23.0
Chloroform 3.30 8.8 3.6 20.99
(a) =.-[51].
Table 5. - Heats of Sublimation for Macac^ Complexes
Compound AH , _ subl. 25°C. (Kj/mole)
Alacac^ 19.2(a) ^  105 ± 1.3(c)
Cracac^ - + 1
CO<M
3 92 + 1.5
Mnacac^ - + 1 
CO 1 -
Feacac^ 19.5 65 + 1.5 -
Coacac^ - 75 + 4 -
(a) = [67]; (b) = [20]; (c) = [68].
Table 6. - Heat Effects Due to Ampoule Breaking (6H)
20 ot:
AH Vap. Press. AH per ml 5H(mean of n runs)
Solvent b.p.t. (xr . ,Va?* \ / \oc°r vaP (joules)(Kj/mole) (mm)25 C. (joules)
Benzene 80.1 33.9(a) 1 2 0 ^ O • to to 0 + 0. 23+0.02(n=2)
Chloroform 61.2 31.4 200 0.34 + 0.48+0.02(n=3)
Acetone 56.0 32 230 o.4o + 0.62+0.03(n=3)
(a) = [71]; (b) = [72]; (c) = [74],
the conditions represented are somewhat extreme. Nevertheles 
the solutions were claimed to be regular, although large 
intermolecular forces were indicated.
r 7 3]May and Jones1- have subsequently demonstrated that 
satisfactory heat of solution data can be obtained using a 
simple solution calorimeter. Considering the uncertainties 
associated with the solubility results above, calorimetric 
studies of the complexes in suitable solvents seems a logical 
extension of the investigation, in order to obtain heat of 
solution values of higher accuracy.
Each of the Macac^ complexes is soluble in benzene, 
acetone and chloroform and remains monomeric in solution, and 
since each solvent has been shown to possess different 
interaction characteristics (see section 3.3. the system 
is suitable for calorimetric measurements. However, if 
these are to make a significant contribution, certain 
conditions have to be imposed.
(1) Dilute solutions to avoid secondary interaction.
(2) Purified reactants and careful handling to
prevent interference from other species, e.g. H^O.
(3) Results accurate to at least +_ 5%*
The results contained in the following section were 
derived under these conditions but obviously the initial 
problem centered around the selection of a suitable 
solution calorimeter. Sections 7-12 deal with the 
development of an instrument which satisfies the above
requirements, while dealing with volatile non-aqueous solvents 
and heat effects of the order of 10-20 Kj/mole.
(a)Table 7. - Heats of Solution of Macac^ Complexes
in Organic Solvents
Compound AHsoln(KJ/mole)
C6H6 CC14 c h c i 3
Cracac^ 8.9 17.4 31.1
Feacac^ ~ 0 27.2 17.7
Coacac^ 7.3 - -
(a) = [69,70]
R E S U L T S
4. THERMOCHEMICAL MEASUREMENTS
Heats of solution at 23°C. were measured for the 
system Macac^ (M = Al, Cr, Mh, Fe, Co) in benzene acetone 
and chloroform using the calorimeter described in Section 10.
An additional complex, tris(3-methyl-2,4-pentanediono)aluminium(III) 
(denoted by Almeacac^), was included in the series, and 
calorimetric results for Coacac^ were supplemented by N. M.R. 
spectra in selected solvents. The experimental technique 
used was adapted to conform with the criteria specified in 
Section 3.5.? and full details are given in Sections 12.4. and 
13. Tables 19, 20, and 21 in Section 16. contain the 
experimental details for individual calorimetric runs, along 
with the calculated heat effects.
4.1. Factors Affecting Accuracy
Since the overall accuracy required for these 
measurements was of the order of +5% (see section 3.5.), two 
results which differed by not more than 2% were considered 
satisfactory for any complex in a particular solvent. However, 
due to the small amount of heat involved, the volatility of 
the solvents and hydration effects, such agreement was only 
achieved by carefully controlled procedures.
The following general factors contributed significantly 
to the accuracy and precision attained for these measurements:
(l) Concentration: The amount of solute used was
determined by the minimum acceptable heat effect, the optimum
conditions for ampoule filling and weighing, and the need for
dilute solutions. Where possible, sample weight was maintained
-3at 0.1 gm, giving a solution concentration of ~2 x 10 for 
the metal complexes.
(2) Impurities: The solvation reaction was affected
by impurities in both the solute and solvent. Feacac^ and 
Mnacac^ showed signs of photochemical decomposition when stored 
over several months, and the products appeared as fine 
suspensions in solution. Analysis figures for Almeacac^
(Table 18), showed some degree of impurity which has led to 
a wider spread of results for this compound.
The most important solvent impurity was water which 
caused inconsistent results if present in any quantity.
Although the actual concentration range which produced 
significant errors was not determined, experimentally, the 
effect was eliminated by the drying procedures adopted. In 
the case of purified chloroform, photo-chemical generation 
of HC1 caused additional problems.
02 light 
CHC1 —  CloC0 + HC1
j &
phosgene
However, the presence of HC1 was easily identified 
from the trace as shown in Fig. 4.
4.2. Corrections
Under normal conditions, the heat transfer 
characteristics of the calorimeter are fairly reproducible
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and can be checked by the leakage constant (K). With this 
system, it was noticed that although the results were 
consistent, K values showed a variation indicative of spurious 
heat effects. This was attributed to evaporation of the solvent 
on ampoule breaking together with an increase in the heat of 
stirring. The overall heat effect was determined 
experimentally for each solvent and a typical trace is shown 
in Fig. 5. A comparison of these results with those 
calculated theoretically1* for the evaporation of 1 ml of 
solvent is given in Table 6.
Other corrections due to weighing errors (vacuo) and 
temperature of reaction, were considered to be smaller than 
the measurement precision and have been neglected.
4.3. Heats of Solution at 25°C.
An assessment of the experimental results can 
conveniently be sub-divided in terms of the three solvents.
Benzene: A simple reproducible endothermic reaction
of ~ 10 Kj/mole, was observed in all cases, and typical traces
are shown in Fig. 6. Table 8 lists the observed and
corrected enthalpy changes along with the calculated heats
of solution. The total time taken for reaction and
equilibration (At) was 1 . 5 - 2  minutes in all cases, which
gave a t value (see section 12.1.) of + 0.25 minutes from m
the observed reaction start-point.
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Figure 6. Heat of Solution of Trivalent Metal/3-Diketonates in Benzene.
Table 8. - Heats of Solution in Benzene
Serial Cpd. Wt.
(gm)
+Q
(joules)
+Qcorr
(joules)
+AH . soln
(Kj/mole)
A H - (mean soln
(Kj/mole)
1 Alacac^ 0.1026 3.84 3.61 12.14
0.0994 3.73 3.32 12.23 +12.2 + 0.3
• 0.1016 3.80 3.37 12.13
2 Cracac^ O.O998
0.1040
3.12
3.24
2.89
3.01
10.92
10.88
+10.9 + 0.3
3 Mnacac^ 0.1013 
0.1007
3.17
3.11
2.94
2.88
11.02
10.88
+10.9 + 0.3
4 Feacac^ 0.0999 
O.O998
2.88
2.86
2.63
2.63
9.37
9.31
+ 9.3 + 0.3
5 Coacac^ 0.0955 
0.1000
3 . H
3.23
2.88
3.00
10.74
IO.69
+10.7 + 0.3
6 Almeacac^ * 0.0823 3.03 2.80 12.43 +12.0 _+ 1.0
Notes: 1. High sensitivity measurements except those marked x
e f = 2.92 +_ 0.2 joules/p,V 
(n=9) (2 (T)
2. Serial 6* low sensitivity
eM = 0.0370 Hh 0.0003 joules/mm 
(n=3) (2CT)
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Table 9. - Heats of Solution in Acetone
Serial Cpd.
Wt.
(gm)
+Q 
(joules)
+Qcorr 
(joules)
+AH _ soln
(Kj/mole)
AH§3in(mean) 
(Kj/mole)
1 Alacac^ 0.0520 3.06 2.44 15.21
0.1033 3.40 4.78 15.00 +15.2 + 0.5
0.0963 3.20 4.58 15.42
2 Cracac^ 0.1003 
0.1022
4.92
4.96
4.30
4.34
14.97
14.83
+14.9 +, 0.5
3 Mnacac^ 0.1007
0.0997
4.39
4.47
3.97
3.85
13.88
13.60
+13.7 + 0.5
4 Feacac^ 0.1010
0.1006
4.31
4.37
3.89
3.95
13.60
13.87
+13m7 + 0.5
5 Coacac^ 0.1004
0.1005
5.04
5.00
4.42
4.38
15.68
15.52
+15.6 + 0.5
6 Almeacac^ 0.0954 5.52 4.90 18.81 +19. 0 _+ 1.0
Notes: 1. All low sensitivity measurements.
,6” = 0.0403 +, 0.0002 joules/mm 
(n=17) (2(f)
2. Slow reaction for serial 5-
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Figure 9. Heat of Solution of Trivalent Metal /3-Diketonates in Chloroform
Table 10. - Heats of Solution in Chloroform
Serial Cpd. ¥t.(gm)
-Q
(joules)
-Qcorr
(joules)
+AH _ soln
(Kj/mole)
AH^^n (mean) soln
(Kj/mole)
1 Alacac^ 0.1000
0.1020
3.39
3.43
3.87
3.91
12.33
12.43
-12.5 +0.3
2 Cracac^ O.O986 2.84 3.32 11.76
0.1004 2.93 3.43 11.93 -11.9 +0.3
0.0218 0.27 0.73 12.02
3 Mnacac^ 0.1029
0.0993
3.25
3.13
3.73
3.61
12.77
12.77
-12.8 + 0.3
4 Feacac^ 0.1028
0.1020
3.14
3.11
3.62
3.39
12.44
12.43
-12.4 + 0.3
3 Coacac^ 0.0993 4.26 4.74 17.00
0.1006 4.27 4.73 16.82 -17.0 + 0.3
*0.1006 4.34 4.82
r-0•H
6 Almeacac^ *0.0838 2.90 3.38 14.77
0•H+10•IAH1
Notes: 1. High sensitivity measurements except those marked x
6» = 2.72 _+ 0.01 joules/]lV 
(n=7) (20)
2. sM values are shown in Table 21.
v
Acetone: An endothermic reaction similar to that
of benzene but slightly higher values, e.g. ~15 Kj/mole. A
consistent reaction trace, Fig. 7 (At = 1.5 mins.;
t = 0.25 mins.), was obtained for all compounds except m
Cracac^ and Coacac^, both of which seemed to take longer to 
dissolve. The reaction-equilibration time for Coacac^ was 
unusually long (At = 4.5 mins.), and consequently this 
curve (Fig. 8) was analysed using both the Dickenson 
and Regnault-Pfaundler methods. In spite of this 
inconsistency within the series, reproducible results were 
obtained for the individual reactions and these are listed 
in Table 9.
Chloroform: An.exothermic reaction of 12-17 Kj/mole,
reproducible in pure solvent and consistent with the
series. A typical trace is shown in Fig. 9 and results
are given in Table 10. The values for At and t werem
the same as for benzene.
4.4. Accuracy and Precision
The uncertainty interval ascribed to a series of 
calibrations serves as an estimate of the maximum precision 
attainable under these conditions of measurement. From 
Tables 19, 20, and 21 realistic values would be:
(a) Hh 1.0% at low sensitivity
(b) +0.5% " high "
although results better than this have been obtained.
The uncertainties ascribed to the heats of solution 
are in general larger than the above values, since some 
account has been taken pf additional factors affecting 
accuracy (section ,^.1.). Heat effects associated with 
ampoule breaking are the most significant of these, and 
the poor agreement between practical and theoretical values 
for the evaporation of acetone and chloroform (Table 6), 
indicates a concurrently large change in heat of stirring. 
However, the overall effect was reproducible and correction 
values (5H) were obtained for each solvent with an 
uncertainty of ~ _+ 10%. As this correction amounts to 
~ 10-15% of the reaction heat, the overall accuracy is 
reduced to 1%, although with the small number of 
determinations, it is more likely to be of the order of _+ 3%*
a 25for the values of AH _ quoted. In the case of thesoln
Almeacac^ results, the limits have been increased to +_ 5%, 
because of experimental difficulties and fewer determinations.
Throughout the series, reproducibility and self- 
consistency have been good. Serial 5, Table 10, shows that 
results are not seriously affected by the measurement 
sensitivity, while serial 2, Table 10, and serial 1,
Table 9, show that under the experimental conditions, dilution
effects are insignificant.
. 1
A summary of results is given in Table 12.
5. NUCLEAR MAGNETIC RESONANCE SPECTRA
The N. M. R. spectra for Coacac^ in benzene, chloroform, 
deuteroform, acetone, carbon tetrachloride and nitrobenzene, 
were recorded under conditions similar to those used for the 
calorimetric measurements (see section 15.2.).
The chemical shifts for the terminal methyl and ring 
protons of the ligand with respect to internal TMS were 
measured for each solvent. In the case of acetone, the 
terminal methyl proton resonance could not be detected for the 
ligand, because of interference from the solvent.
In Table 11 the values for Coacac^ are listed together
r 27 iwith the published data for Alacac^ and Almeacac^. Values
for 0, the difference between the shifts for terminal and 
ring protons, are also included.
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6. SOLVENT INTERACTION
6.1. Thermochemistry
Heat of solution: The most fundamental conclusion which can
he drawn from the heats of solution listed in Table 12, 
is that the process of solution for each complex, is 
essentially the same in a given solvent. Differences which 
do exist are small, but larger than the experimental error, 
and differences in solvating properties of the three solvents 
are clearly apparent.
25
A comparison of values obtained by direct
measurement with those derived from solubility studies, 1 
Table 7, shows generally poor agreement, particularly in 
the case of chloroform. This type of poor agreement 
between thermodynamic functions measured directly and those 
derived from equilibrium or vapour pressure data, is not
r 731
uncommon, but under the circumstances, the validity of
these previously published values must now be open to 
question.
Heat of sublimation: The thermochemical cycle suggested in
Section 3.5. as the basis for the investigation of solvent
interaction, involves two other quantities, one of which
2 5
is the heat of sublimation metal complex.
The second quantity, heat of solvation, will be discussed 
later, but it follows from equation (3.5.1), that if it 
remains constant for a given solvent, heat of solution data
will reflect variations in the heats of sublimation. This 
condition is only fulfilled for a solvent which has no specific 
interaction with the solute, and of those investigated, benzene 
is the obvious choice.
From Table 12, the heats of solution in benzene, with 
the exception of Feacac. show no greater variation than
j
_+ 1 Kj/mole, which strongly suggests that the heats of
25sublimation are identical. In the case of Feacac. its AH , _3 subl
value may be slightly different, since it is the only complex 
which does not belong to the monoclinic crystal class 
(see Fig. 2), and hence its lattice energy may not be the 
same, alternatively, specific solvent interaction cannot be 
ruled out since benzene is known to be active in some cases 
(see section 3.3«)» and 'the iron complex represents one 
extreme of the series in terms of general properties 
(see sections i#2. and 3.4.).
Nevertheless, the overall result is in sharp contrast
a 25with the experimentally determined values of AHg^ ^  listed m  
Table 5. Again these values are based on vapour pressure/ 
temperature measurements and are obviously subject to large 
variations, however, the calorimetric data do not provide 
any indication of absolute values, and so an estimate 
of + 100 Kj/mole has been adopted for all complexes.
This assumption, that all six heats of sublimation are 
essentially the same, is further supported by the absence, in 
all solvents, of any repeating pattern down the series.
The main forces acting in the crystal lattice of the
Macac^ complexes have been shown to be:
(i) Van der Waals: in association with the "layer"
packing of* molecules.
(ii) Electrostatic: arising from possible permanent
dipoles in the molecule.
In view of the heat of solution results, contributions
to these bonding forces from the differences in polarisability,
dipole moment and ligand field strength, reported for the 
complexes, must be considered as relatively small.
Heat of solvation: Using the value of + 100 Kj/mole for
o c
^subl e<lua^:**on heats of solvation have been
calculated in order to carry out a relative assessment of
solvent interaction. These results have been listed with
corresponding heats of solution in Table 12, and it follows 
that in all cases, the order of increasing solvent interaction 
is:
acetone <  benzene <  chloroform
Further if allowance is made for an uncertainty of
_+ 1 Kj/mole to cover experimental error and variations in 
25
^ s u b l ’ ^hen ^or a give*1 solvent, interaction is the same 
for Alacac^, Cracac^ and Mnacac^. Average values are:
Solvent - AH^_ (Kj/mole)solv J
Macac^ in acetone 85.0
(M=Al,Cr,Mn) benzene 88.5
chloroform 112.0
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For these complexes, chloroform interacts more strongly to the 
extent of 25 Kj/mole, compared to acetone and benzene.
For the remaining complexes, discrepancies exist with 
individual solvents.
Increased solvation occurs with:
Feacac^ in benzene ~ 1 Kj/mole of complex 
Coacac^ " chloroform ~ 5 Kj/mole n 11 
Almeacac^ " M ~ 2 Kj/mole " "
Decreased solvation occurs with:
Almeacac^ in acetone ~ k Kj/mole.
It must be assumed from these results, that since 
the interaction in solution is of the order of the interaction 
in the solid state, solvent-solute forces in solution must 
be predominently of the non-specific Van der Waals1 type. 
However, since some discrepancies have been observed, 
particularly with complexes at the extremes of the group 
characteristics, there is a case for the existence of small 
specific interaction forces.
Any attempt to assign a value to the average intensity 
of interaction per mole of solvent would be entirely 
speculative, since there is no indication of the number of 
solvent molecules involved. Further, in the absence of
a 25accurate AH values, the magnitude of the total heat of
solvation remains uncertain, and all that can be deduced, 
is the extent of the change in interaction from one solvent 
to another.
6.2. N.M.R. Spectra
Without going into a detailed analysis of the factors
f27]which influence chemical shift, only basic correlations
can be established from the results given in Table 11.
To this end, the parameter 0 has been used, and a comparison 
of values for Alacac^ and Coacac^ shows that the same order 
is maintained, although the absolute values are lower by 
10 cps for the latter.
In the case of the chemical shift for the terminal 
protons in acetone solution, no further conclusions can be 
drawn, and it must be assumed that Coacac^ follows the same
r 27 igeneral patterns established for Al(IIl) (3-diketonates.L
6.3. Specific Solvent Interaction
In addition to solvent-solute Van der Waals * forces
determined by size, distance and polarisability, it has been
suggested that more specific interaction forces, such as
polar effects or hydrogen bonds, are present in these
solutions (see section 3.). From the characteristics of the
three solvents given in Section 3.3.» electrostatic forces
are expected to be greatest for acetone, but the observed
order of solvation places benzene higher than acetone.
The concept of purely electrostatic interaction between the
solvent and the central metal ion, through octahedral 
T27 441faces, 1 therefore seems inadequate, and in general, 
polar effects appear to be less important than anticipated.
The slightly higher result for benzene may be due to 
stronger dispersion forces, since both the solvent and the 
chelate ligands contain delocalised 71 electrons, giving rise 
to increased polarisation effects. If this is the case, the 
increased interaction with Feacac^ may well be explained by 
the fact that this complex exhibits the highest total 
polarisation (see Table 2). However, the normal behaviour 
of Almeacac^ in benzene is significant, in that there is 
apparently no interaction between the chelate ring proton 
and the benzene 7t system, analagous to the adduct formed with 
chloroform, see Section 3.2.
Hydrogen bonding: Three types of hydrogen bond have been
T27 43 461proposed for these complexes with various solvents, ’
involving the carbonyl oxygens, the ligand TC electrons or
the ring proton. The most common solvent involved is
chloroform which, although its polar properties are
intermediate between benzene and acetone, exhibits a certain
r75]
ability to form hydrogen bondsL J (see section 3*3.).
The calorimetric results for chloroform solutions have 
shown an increase in solvation for the complexes over benzene 
and acetone to the extent of ~25 Kj/mole. Whether this is 
due to hydrogen bonding remains uncertain, but it is 
noteworthy that the strength of the acetone-chloroform 
hydrogen bond is ~12 Kj/mole and that the enthalpy of 
interaction of the crystalline chloroform - Macac^ 2:1 solvates
T43lis ~10 Kj/mole of solvent. Infrared measurements have
indicated some form of hydrogen bonding with either the
carbonyl oxygens or 7T electrons of the ligand in this case,
and the calorimetric results would be consistent with a
T46 k7l2:1 solvate as proposed by Steinbach et al. ’ The fact
that only two molecules of chloroform would be directly 
involved in specific interaction of this type is to some 
extent favoured sterically by the symmetry of the complex.
The two octahedral faces perpendicular to the 3-fold 
inversion axis provide a completely unhindered approach to 
the carbonyl oxygens for solvent molecules, and equally to 
the metal ion itself. However, the weight of evidence 
at this stage is in favour of hydrogen bonding with the 
ligand.
The higher solvation by chloroform of both Coacac^ 
and Almeacac^ could well be connected with the electron 
distribution of the chelate ring. The cobalt complex is 
known to have strongly covalent metal-oxygen bonds with a 
degree of TU bonding which would increase the overall 
delocalisation consistent with its observed high electron 
polarisability (see section 3.). I*1 the case of the
3 :substituted ligand, it has been demonstrated for the 
copper(II) complex, that the presence of the 3 :methyl group 
effectively increases the electron density on the donor 
oxygens,^^ Either effect could lead to stronger bonding, 
but a more detailed assessment of these results is 
unwarranted at this stage.
The decreased solvation observed for Almeacac^ in
acetone compared to Alacac^, is significant in that it does 
suggest some degree (~1 Kj/mole) of interaction between the 
ring proton and the carbonyl oxygen of the solvent. A
r 27*1similar effect has been detected by N.M.R.L but in the 
absence of more accurate calorimetric data, this aspect 
cannot be further clarified.
6.4. Conclusions:
In spite of certain practical difficulties, it has been 
possible to obtain a self-consistent set of measurements for 
the heats of solution of trivalent metal (3-diketonates in 
organic solvents using a solution calorimeter, although 
agreement with results from temperature variation methods 
is not good.
25
The AH _ values obtained in benzene, acetone and soln 1
chloroform show a remarkable similarity for each solvent, but 
differences between the solvents are quite apparent. For 
any one solvent those discrepancies which do occur, seem 
to involve the complexes which exhibit extreme characteris­
tics such as Feacac^, Coacac^ and Almeacac^. Unfortunately 
a more detailed analysis of these effects in terms of inter- 
molecular forces is precluded by the lack of accurate heat of 
sublimation data, since the magnitude of the heats of 
solvation cannot be determined. Further, since the number 
of solvent molecules interacting with the metal chelate is 
uncertain nothing definite can be said about the nature of the
non-specific Van der Waals1 forces except that they collectively 
may amount to 80-90 Kj/mole.
One corollary which arises from the similarity of the
AH _ values in a particular solvent is that the same is soln
probably true for the heats of sublimation of the complexes, 
a feature which seems likely on the basis of their crystal 
structures, but which has not previously been established 
experimentally.
Some correlations have been possible between the relative 
degree of solvation and the interaction characteristics of the 
metal chelates and solvents, e.g. electrostatic or dispersion 
forces and hydrogen bonding. The fact that benzene exhibits 
stronger solvating properties than acetone, suggests that the 
greater polarisability of benzene increases the extent of 
dispersion interaction, and that the anticipated dipole-dipole 
forces are less significant.
Chloroform provides the highest degree of solvent 
interaction in all cases (~ 25 Kj/mole increase compared to 
benzene and acetone), and this has been attributed to hydrogen 
bonding between two molecules of solvent located along the 
inversion axis of the complex, and either the donor oxygens or 
TC electrons of the chelate ligands. Hydrogen bonding between 
acetone and the ligand ring protons is also a possibility, but 
the accuracy of the data obtained is inadequate for a full 
clarification of this effect.
It is apparent from this investigation that accurate
calorimeter measurements on carefully selected systems can 
provide information on the strength of solvent interaction and 
to some extent of the nature of intermolecular forces in 
solution. However, further work is necessary in order to 
establish the exact nature of the interaction characteristics 
of various solvents and to determine more specifically the 
electrostatic and polarisation characteristics of the metal 
complexes. Nevertheless, until a comprehensive set of 
reliable data o n heats of sublimation of complexes with low 
vapour pressure is available, the accuracy available from 
calorimetric measurements will not be fully utilised.
THE CALORIMETER
7. INTRODUCTION
7.1. Choice of Calorimeter
Calorimetric measurements leading to the evaluation of the 
thermodynamic properties of reactions in solution, have been
P  a  7 7  0*1 *1
performed on a large variety of instruments. 1 ’ Of these,
the non-isothermal types can be broadly classified into three
main groups, viz. isothermal jacket, adiabatic and differential,
each with specific characteristics pertinent to any given
f Q]
measurement problem.u
In order to select a suitable calorimeter, it was necessary 
to consider not only the measurement requirements, but also the 
ease with which the apparatus could be assembled or obtained 
commercially. Although a great many calorimeters have been
r82-described in the literature, very few have become available,
841 and in general most instruments have been developed in the 
laboratory.
r o c l
Sunner and Wads*6 described the characteristics of a
number of different designs, and their research produced a 
highly successful isothermal jacket calorimeter capable of 
high precision. Since this design was fully tested and 
characterised, it seemed an obvious initial choice.
7.2. Apparatus and Procedure
A detailed description of this apparatus has been
P O c I
published previously, L but briefly it consisted of a thin- 
walled glass reaction vessel (100 ml), the neck of which was
attached to the lid of a cylindrical metal can, forming the 
isothermal jacket. A temperature sensor (thermistor) and 
calibration heater were housed in separate re-entrant tubes 
in the vessel, and a combined stirrer sample holder fitted 
centrally down the neck. A small (l ml), thin glass, mould 
blown cylindrical ampoule held in the stirrer, contained one 
of the reactants. When in use, the jacket containing the reac­
tion vessel and reactants was immersed in a constant temperature 
bath and the reaction initiated by lowering the stirrer assembly 
on to a glass ampoule breaking pin located on the bottom of the
—4 ovessel. Under normal conditions, a precision of +1 x 10 C. 
could be obtained for temperature changes ranging from 0.1°C. 
to 0.01°C. Thus the calorimeter was useful for the study of 
heats of solution at high dilutions, solvent interactions, 
heats of wetting, swelling, etc., and in general for reactions 
involving a small quantity of material in a larger volume of 
liquid.
The enthalpy change during a reaction was calculated by 
the substitution method from the following data:-
(a) Temperature change during reaction.
(b) Temperature change during calibration.
(c) Corrections due to non-adiabatic conditions.
• • ! ■ i
7.3. Limitations
In the case of a simple reaction, the enthalpy change 
is determined only by the initial and final states and the 
data (a), (b), and (c) above can be obtained from temperature
(thermistor resistance) vs time plots taken before and after 
the reaction. These plots are derived manually in most cases, 
and it is often difficult to gain precise information about the 
actual reaction period.
However, with more complex reactions involving several 
intermediate steps and a small resultant enthalpy change, it 
has become important to obtain a record of the reaction scheme 
in order to accurately evaluate the nett heat effect. Apart 
from the difficulty in obtaining accurate measurements during 
the reaction period, non-linearity of the thermistor resistance 
characteristic, precludes an accurate record of the temperature 
vs time curve under these conditions.
7.4. Modifications
As outlined in Section 3.5. the nature of the work 
under consideration seemed to indicate the need for high 
precision measurements. In addition, it was anticipated that 
evaluation of the results would be simplified if the individual 
reactions were recorded in some detail. To this end, a new 
calorimeter was developed from the basic design, which 
incorporated a measuring and recording system capable of 
producing a continuous trace of the temperature vs time curve 
for a given reaction. Details of this instrument are given in 
the sections which follow.
8. DESIGN AND DEVELOPMENT
The essential design problem with this apparatus centered 
around the development of a new measuring system. The basic 
requirement here was that it should provide a direct readout of 
the temperature-time characteristic of the calorimetric reaction 
vessel, without a significant loss of sensitivity compared to 
systems already in use. Since the conversion was to be carried 
out on a calorimeter already capable of a precision of better 
than _+ 0.0001°C. over an enthalpy range of 0.5-50 cals, the
sensitivity requirements of the new system were clearly defined.
The factors governing the selection and application of 
the various components which make up this apparatus, as 
described in Section-10., and shown in Fig. 13, are best 
considered in the series of sub-groupings, which follow.
8.1. Sensing Elements
Four temperature detectors capable of the required 
sensitivity were readily available:-
(a) Thermistor.
(b) Resistance Thermometer.
(c) Quartz Thermometer.
(d) Thermocouples.
S
Table 13 lists the characteristics of these devices 
pertinent to calorimetric applications.
From these data, it was obvious that for the calorimeter 
specified, thermocouples, would be suitable for continuous
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direct temperature monitoring. Although this device is very
widely used, its application to the measurement of very small
temperature changes involving low level (nanovolt) signals,
seemed restricted to differential or microcalorimeters using
f78 92 931multiple junctions in a fixed assembly. ’ ’ Very few
fgZtl
single junction instruments have been reported, however, from
the information available, this arrangement seemed preferable to
T79 95 961methods used for continuous recording with thermistors. ’ ’7
8.2. Input Circuit 
General
The most critical factor governing the design of an
instrument of this type is the input circuit. Inherent in
this circuit are all the limitations imposed by the need for
accurate DC measurements in the nanovolt region. The physical
phenomena which most seriously affect the measurement of low-
level thermocouple signals are thermal agitation noise,
thermally generated emf*s and a.c. interference, and the extent
to which these are significant, is determined by the desired
P97]instrument sensitivity.
In order to be certain of a measurement precision of 
—A o+ 1 x 10 C., the instrument must be capable of a resolution
_5 o
of at least 5 x 10 C. This then sets the conditions for the 
type and configuration of thermocouples used, and leads finally 
to the specifications of the DC amplifier.
Fig. 10 shows the thermocouple configurations which are 
normally used. ^ 8] por Singie thermocouples, (a) and (b) have 
the same thermoelectric characteristics, but for multiple
temp.
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Figure II. The Input Circuit.
junctions, the option of* either series (c) or parallel (d) 
connections is available. Although the series configuration 
gives the highest output, it also contains the largest number 
of reference junctions and produces the highest source 
resistance and thermal leakage.
The principle of operation of the input circuit can best 
be described in terms of the schematic diagram in Fig. 11.
The thermocouples develop a voltage, V , which is compared to 
a known voltage, V^, generated in resistor, R^, by the 
microvolt source. The error signal, , is applied to the
DC amplifier and is registered as a displacement, y, on the 
recorder.
If the calibration of the amplifier is known, then,
Vs = Vb + C.y . (8.2.1)
where y = deflection
C = calibration constant
and V. = C.y in ^
However, there is always a finite current, , flowing
in the input circuit for ^ ^ > 0, and since Rg (thermocouple 
source resistance) and R^ form a divider network with R^ 
(amplifier input resistance), equation (8.2.1) will not hold 
unless Rg and R^ are both zero. In practice this is not 
possible, but the error can be minimised by keeping Rg + R^ 
as small as possible, and R^ as large as possible.
The parameter which determines the maximum sensitivity 
available from a given circuit is the noise level due to 
thermal agitation, which is developed in the resistors making up
the circuit. This noise voltage (Johnson noise), for wire
[97l
wound resistors, may be calculated from the following equation:-
X
E = (4KTRF)2 (8.2.2)rms
E = RMS noise voltage rms
T = temperature in °K.
R = resistance in ohms 
F = bandwidth
K = Boltzman*s constant (1.38 x 10”^  joules/°K.) 
However, since it is the peak to peak noise value which 
affects the recording equipment, equation (8.2.3) may be 
converted into a more useful form, as follows:-
i f )  X
E = 3.82 x 10"± (R/t )2 (8.2.3)
PP r
where T = 300°K
t = response time of recording equipment
= 0.35/F
and E is taken as 5 times E .pp rms
Since all other noise sources in the input circuit add in
quadrature, it is essential that the input resistors should not
generate more than 1-2 nanovolts of Johnson noise. Using
equation (8.2.3) and assuming a response time of 1-2 seconds,
it can be calculated that the total input resistance should
therefore be 10 ohms or less, excluding the amplifier.
The next limiting factor is the emf-temperature
sensitivity of the thermocouple chosen. Since the operating
temperature range is small, almost any type of thermocouple is
Table 14. - Thermoelectric Power of Various 
Materials Against Copper
Material Thermal emf 
(p,V/°C. )
Solder: (Sn/Pb) 3
Silver: 0.3
Gold: 0.25
Stressed Copper: 0.2
Copper Oxide: i x 103
Beryllium copper: 1.0 '
Brass: 1.6
Brass (gold plated): 1.0
Manganin: 1.3
suitable, but higher output combinations, e.g. chrome1-alumel
(40y,V/°C), copper constantan (43VlV/°C) and chromel-constantan
(60]lV/°C), are preferable. The average output for these types
is 50pV/°C, which means that the measuring circuit must be able
-9to resolve voltage changes of the order of 3 x 10 volts, if 
the conditions laid down earlier are to be met. Unfortunately 
when working at this level, thermally induced emf's due to 
dissimilar metal junctions become one of the major practical 
difficulties. Table l4 gives a comparison of the thermo­
electric powers of some of the most common metals found in the 
input circuit, and it follows that temperature changes of 0.1 
to 0.01°C. would be sufficient to cause a significant effect.
In addition, the low resistance stipulated accentuates the 
effect of these emffs by permitting a greater current flow 
for a given change in temperature gradient.
The remaining difficulties now stem from the DC amplifier 
First, the noise 3evel, response time, zero drift and gain 
stability must all be within the limit specified. Secondly, 
performance is greatly affected by electromagnetic and electro­
static interactions, which appear as superimposed a.c. signals 
at the input, and which if large enough, will cause a spurious 
d.c. voltage at the output. The electrostatic component can 
be eliminated by a metal screen connected to ground, but 
magnetic ’’pickup” is determined by ’’loop area” and orientation, 
and is in general more difficult to remove.
8.3. Thermocouple System
The measuring circuit consists of sensing junctions,
connecting cable, reference junctions, microvolt source and an 
input selector switch. Each of these components has been 
designed with due regard to the principles established in the 
previous section.
The 25 swg wires which terminate in the sensing junctions, 
represent the largest diameter (lowest resistance) which can be 
used without significantly increasing the heat leak from the 
reaction vessel. Even so, the resistance is still fairly high
o _ o
(chromel, 33 x 10 ohms/cm, constantan, 25 x 10”  ^ ohms/cm), 
allowing for a cable length of 100 cm, and therefore a parallel 
arrangement, Fig. 10(d), was chosen in order to maintain the 
lowest possible source resistance. Initially, this was further 
reduced by constructing the connecting cable with 19 swg wires, 
and spot-welding the sensing junctions (24 swg) to the ends, 
at a point just inside the isothermal jacket. Although the 
resistance was low (1-2 ohms), the system proved unsatisfactory 
because of the need to thermostat the four spot-welded joints, 
and because of the high thermal conductivity of the connecting 
cable. The latter allowed external temperature fluctuations 
to induce random changes in the thermocouple output which were 
not attributable to the calorimeter. These faults were removed 
by the use of thermally insulated 25 swg wires throughout, but 
with a corresponding increase in source resistance to about 
3 ohms. An outer polythene tube was also fitted to the 
connecting cable in order to protect it from external temperature 
changes.
Although the sensing junctions should be located on the
surface of the reaction vessel so that an average surface 
temperature can be recorded, the practical difficulties of this 
method reduce its effectiveness. Results obtained with both 
junctions ’'araldited" to the surface proved less satisfactory 
than those with the junctions mounted conventionally, and so 
the re-entrant tube method used for thermistor sensors, was 
retained. -
A constant temperature environment for the reference 
junctions is an essential feature of design, but it can only 
be realised by a combination of good bath temperature control 
and a suitable housing to eliminate any remaining fluctuations. 
This has been achieved by locating the junctions in a suitable 
thermal medium (oil), well below the bath surface, and 
surrounding them with progressive insulation to provide the 
necessary thermal damping (see Fig. 16(a). Air flow is 
restricted by a metal cable seal, fitted as an insert into the 
main tube at water level. This insert, which is filled with 
silicone rubber, also serves to minimise temperature gradients 
along the assembly, but if not correctly located and installed, 
bath fluctuations can be transmitted directly to the reference 
junctions. Perspex is an ideal constructional material for 
the overall assembly, since it is unaffected by water, easily 
machined and provides good thermal and electrical insulation.
During the normal course of operation, the input of the 
amplifier must be shorted or connected to the microvolt source, 
and these operations require a system of connectors in the 
circuit. However, experiments have shown that if the desired 
stability was to be achieved, there could be no input circuit com­
ponents or connectors which were not in a controlled temperature 
environment. This was overcome by the inclusion of an 
input selector switch constructed with copper contacts and 
wiper arms (250]i-ohms) , which produced very low thermal emf’s 
(0.025]iV/°C). However, even at this level, temperature control 
was necessary, and the switch was mounted in an oil-filled 
perspex container and placed in the bath (see Fig. 16(b). Two 
important features of this assembly are the 'O’-r.ing oil seals 
on the cable entry holes, and the measures taken to prevent loss 
of oil internally along the cables. Seals were formed with a 
suitable adhesive (Bostik No. l) at both ends of the cables, and 
in addition, a small "breather" tube was fitted to the container, 
to equalise pressure changes caused by expansion of the oil after 
filling. Without these precautions it is possible to lose up 
to 100 ml of oil due to capillary action and syphoning. All 
wiring connections to the switch have been made with cadmium 
solder (low thermal), and symmetry has been maintained in both 
input lines by using a double pole switching arrangement (see 
Fig. 17(a)).
The remaining sub-group in the measuring circuit is the 
microvolt source which fulfils two basic functions:
1. zero suppression.
2. amplifier calibration.
In general, zero suppression is required to nback-off" 
most of the thermocouple emf generated so that small changes 
can be observed at a higher sensitivity than would otherwise be 
possible. It further serves as a zero adjustment so that
successive traces can be recorded under similar conditions.
With the additional facility such that changes in output can be 
accurately measured, the circuit, when connected directly to the 
amplifier, provides a check on the sensitivity and linearity of 
the recording equipment.
It follows, therefore, that this circuit must generate a 
variable, but highly stable, d.c. voltage at constant impedance, 
which is particularly free from thermal emf’s and a.c. 
interference. To this end the circuit has been designed using 
the following criteria
(a) battery operation.
(b) constant current drain from battery (15 mA).
(c) current standardisation.
(d) high quality components.
(e) all switching confined to high resistance networks
(f) low output resistance.
(g) output voltage continuously variable.
Thermal emf's and resistance changes with temperature 
have been eliminated from the input resistor, R^, Fig. 17(a) 
by mounting it in an oil bath with the selector switch (see 
Fig. 16(b)). It is non-inductively wound from manganin wire, 
and connected into circuit on the "four terminal resistor" 
principle using small copper studs and cadmium solder. In 
this way thermal emf's have been kept to the level of a few 
nanovolts. Resistance is of the order of 0.2 ohms following 
from the consideration in Section 8.2.
The simplest method ofsuppplying current to the input
resistor (R^) i is "to connect it in series with a battery and a 
resistance box. However, since the polarity of the thermo­
couple emf changes as the calorimeter temperature passes through 
25°C., a current reversing switch must be added. Finally a 
fixed resistor, of known value, is necessary so that accurate 
measurements of circuit current can be made. However, there 
are two main disadvantages with this system, which preclude 
its adoption in this case:
(i) Output adjustment is stepwise and involves several 
operations.
(ii) Variable current drain and very low discharge rates 
are not optimum working conditions for the battery.
At a constant temperature and with steady current drain, 
a lead accumulator is capable of producing a very stable output 
over short term periods (hours), and a gradually falling output 
over long term periods (days). With the circuit shown in 
Fig. 17(a), the current is kept at a steady value (15 mA), and 
can be adjusted periodically as for a potentiometer. One 
limitation caused by the lower resistance, is the requirement 
that all switch contacts, etc. such as are necessary for 
current reversal, must be removed from the primary circuit. 
However, the range resistors (R_ „ .) allow the zero suppression 
voltage to be developed as a single span, e.g. 0-15 chart widths 
or in three progressive spans, e.g. 0-5, 5-10, 10-15 chart
widths, while the ten-turn potentiometer, P^, gives continuous 
variation within any bracket. The switches, and S^, select
the range required and also apply compensation so that
potentiometer traverses the second range (5-10) in the opposite 
rotational sense to ranges one and three. This avoids the 
necessity to rewind to zero at the end of the first range and 
ensures a continuous progression in the output voltage.
The current reversing switch is in the high resistance 
branch of the circuit to neutralise any effects of contact 
resistance variation. The switch is made up of two gold 
contact microswitches operated by a solenoid in a simultaneous 
double pole double throw arrangement. A.C. interference has 
been kept to a minimum by fitting an electrostatic screen 
throughout, along with non-inductively wound resistors and 
closely twisted lead wires.
A second circuit included in the system consists of a 
differential thermocouple connected between the reaction 
vessel and isothermal jacket. This monitoring circuit 
represents the simplest and most convenient thermocouple 
arrangement that can be fitted to the calorimeter. It 
measures directly the temperature difference between the 
surface of the reaction vessel and the isothermal jacket, one 
of the most important parameters governing the heat transfer 
characteristics of the calorimeter. In addition, since 
circuit connections are made through a plug and socket, 
there is the added convenience that the calorimeter could be 
completely removed from the apparatus to facilitate cleaning 
and filling operations. The circuit (see Fig. 17(b)) is 
symmetrical with all junction points enclosed to give some 
environmental control; however, thermally induced emf's are
still significant, particularly in the absence of additional 
reference junction stabilisation. These effects together with 
the lower output are clearly shown in Fig. 20.
Thus, the thermocouple system consists of two independent 
circuits designed along different lines, which produce a 
simultaneous readout of calorimeter temperature characteristics 
at different levels of sensitivity and resolution. The one 
obvious advantage of this dual system is that it provides a 
"double check" on performance, but its main application is 
closely connected with the recording equipment and is dealt 
with in Sections 8.4. and 12.4.(3).
8.4. Recording Equipment:
The Leeds and Northrup type W recorder used is a 
standard item and need not be discussed in detail. It had a
variable chart speed, fast response, resolution of the order
of 0.3% and was normally fitted with a 1 mv range card. A 
pen lift mechanism enabled adjustments to the trace to be
made without the confusion of unnecessary lines.
By far the greatest problem encountered during the 
development of the apparatus was the selection and application 
of a suitable D.C. amplifier. Very few of those available 
commercially could match the hLgh gain requirements with 
the very low noise and drift levels necessary for high 
resolution. From Section 8.2. these levels have maximum 
values of the order of:-
DEMODULATORA.C.
AMR
CHOPPERI
input
transf.
output
transf.
GAIN
ADJ.
INPUT '
Q  TERMINALS
filter
OUTPUT
ZERO SUPPRESSION
(a) Tinsley 6 0 3 6 .
CHOPPER AC.
AMR
D.C.
AMR
DEMODULATOR
input
transf.
INPUT
PLUG
FEEDBACK
NETWORK
OUTPUT
ZERO
SUPPRESSION
(b) Keithley 14 9 •
Figure 12. D. C. Amplifiers
(a) noise: 3 nanovolts (peak to peak)
(b) drift: 10 nanovolts/hr. overall
3 nanovolts over any 5 min. period 
along with a maximum input sensitivity of approximately 0.5 
microvolts for full output. Two amplifiers, which seemed to 
meet these requirements, were the Tinsley 6036^ ^  and the 
Keithley 149,^"^^ and a comparison of these illustrates well 
the general problems encountered when using D.C. amplifiers 
under these exacting conditions.
The schematic circuit diagrams of both amplifiers are 
shown in Fig. 12. The 6036 being an open loop type has no 
feedback resistor in the input circuit, but zero suppression 
and calibration facilities are fitted as a single battery 
powered unit. The chopper unit contains four double pole 
double throw cam operated contacts, all of which are driven 
by a synchronous motor. Two sets of contacts are used for 
input modulation while a third acts as an output demodulator. 
Modulation frequency is 33Hz, and adjustments can be made to 
both the phase and the mark/space ratio. Adjustments to the 
gain of the a.c. amplifier alter the input sensitivity, while 
bandwidth is controlled by the output filter settings.
The 1^9 works on the principle of overall D.C. negative 
feedback and incorporates its zero suppression circuit into 
the feedback network. The chopper is a more conventional 
electromagnetic single changeover sealed device operating at 
100 Hz., in conjunction with a diode demodulator. Sensitivity 
is controlled by a combination of a.c. amplifier gain and
feedback ratio.
Before any attempt was made to use these amplifiers with 
the thermocouple system, a number of tests were performed under 
shorted input conditions, in order to establish their individual 
characteristics. A summary of the results is given below:
(1) In spite of the precautions taken against thermal 
emf's in the construction of the input circuits, the required 
drift limits were exceeded.
(2) Zero suppression as fitted was not sufficiently stable
in either case, and calibration voltages on the 6036 were
accurate to about 10%m
(3) Noise level was satisfactory for the 1^9 but for the 
6036 it depended on the chopper adjustments, orientation of the 
input transformer, the valves used, and the bandwidth. Usually 
a response time of 2 secs, was used compared to 0.5 secs, for 
the 1^9.
It was apparent from these tests that in order to reduce 
the short term drift, the input cable should be connected 
directly to the chopper. This was successfully carried out on 
the 6036, but since the feedback resistor is an essential part
of the 1^9 circuit, only the input connector could be
effectively by-passed on this instrument. As a result, the 
6036 was exclusively developed for high sensitivity measurements, 
while the 1^9 was utilised in its function as an indicating 
microvoltmeter, or as an amplifier at lower sensitivity.
8.5® Calibration Unit and Heater
The calibration unit is of a standard design and can supply 
any current to the calibration heater up to 100 mA. Stability 
is greatly improved by the use of the "dummy heater" system 
whereby the same current is drawn from the supply before, during, 
and after a calibration.
However, an attempt has been made to improve the efficiency 
of the heater, which is normally wound on a small former and 
immersed in oil. In this case a self-supporting formerless 
coil wound from 42 swg K a r m a ^ ^ ^  wire with a resistance value of 
approximately 100 ohms is used. In addition, the oil has been 
replaced by siliconeheat sink compound which gives a fivefold 
increase in thermal conductivity. The main advantages of this 
design are as follows:—
(1) Lower thermal inertia and therefore faster 
equilibration time.
(2) Lower temperature coefficient resistance wire (5 ppm/°C), 
ensuring no errors from temperature changes during a calibration 
(see also Table 15).
(3) Resistance of copper lead wires is small compared to 
element resistance (0.03%).
An assessment of heater characteristics under these 
conditions was carried out, using a differential thermocouple 
connected between the outer surface of the reaction vessel and 
the inside of the heater well. Tables 15 and 16 give a 
summary of the results.
Table 15. - Temperature Gradients in Heater Well
Heater Current Stirrer Speed emf* Gradient AT
(mA) (]lV) ( ° c . )
10 (1) 0 .17
(2 ) 0.16 0. oo4
(3) 0 .17
30 (1 ) 1 .75
(2) 1 .75 0.04
( 3) 1 .75
4o (1) 3 .2
(2 ) 3 .2 0.08
(3 ) 3 .2
50 (1 ) 5 .3
(2 ) 5 .3 0. 13
( 3) 5 .35
Notes: (l) Speed 1 = 550 rpm.
" 2 = 650 "
11 3 = 75O "
(2) x = Chrome1-Alumel thermocouple.
(3) Reaction vessel filled with 100 ml
(4) Heater well filled with silicone oil.
Table 16. - Heater Equilibration Time (100 ml water)
Heater Current Silicone Oil Heat Sink Cpd.
mA t^(min) t^Cmin) t^(min) t^Cmin)
10 0 .74  1 .05 0 .35 0 .45
20 1 .1  1 .5 0 .5 0 .45
30 1.06 1 .5 0 .5 0 .55
4o 1.28 1 .5 0 .5 0.6
50 1 .3  1 .75 0 .5 0 .5 5
Notes: 1. Stirrer Speed - 650 r.p.m.
2 . t^ = time to reach steady- conditions from
current ON.
3. tg = time to reach steady- conditions from
current OFF.
8.6. Constant Temperature Bath
The degree of temperature control required for a 
calorimeter is normally determined by its heat transfer 
characteristics, and the accuracy of a given set of measurements. 
However, the use of thermocouples in the measuring circuit, 
has imposed some additional conditions which must be met by the 
thermostat. These stem largely from the fact that the stability 
of the measuring circuit is greatly influenced by short term 
temperature fluctuations, such as occur with on-off control 
systems.
Over the long term (days) it is acceptable that the bath 
temperature may change by as much as _+ 0.01°C. , but in general, 
short term changes induced by the operation of the thermostat, 
must be very much smaller. It follows that proportional 
control is preferable to on-off control, but other factors, 
such as the construction and layout of the bath and changes in 
ambient temperature, have also to be taken into consideration.
Fig. 15 shows an arrangement which has proved 
satisfactory. The thermostat control unit is an on-off device, 
and was designed to operate in conjunction with a mercury- 
contact thermoregulator. To this end the contact current has 
been kept low (8 p,A), and a slight switching delay included 
(condenser C), so that vibration of the meniscus does not 
disrupt the make and break action. A.C. interference
I >
transmitted to other instruments, has been minimised by the use 
of an isolating transformer, in conjunction with solid state 
switching (thyristor or triac) in the heater circuit. A pro­
portionating head fitted to the thermoregulator is a simple
modification of the needle contact normally fixed at the top 
of the mercury capillary. The needle in this instance is 
attached to a bi-metallic strip and heater, which moves it up 
and down, in the capillary. The amount of movement can be 
controlled by the current supplied, and since the direction is 
opposite to that of the mercury meniscus, the device is 
effective in minimising overshoot and oscillation.
Final adjustments to layout, heater dissipation, propor­
tionating head and control unit, were made on a trial and error 
basis until an optimum performance was achieved. Ambient 
temperature changes still remained a problem, however, and 
eventually were overcome by the installation of suitable air 
conditioning.
A commercially available precision temperature controller 
the Tronac PTC-1000 has also been used with the equipment.
Both methods of control proved capable of maintaining a 
short-term temperature stability of +_. 001°C.
9. ASSEMBLY OF APPARATUS
It is not uncommon to find with an instrument of this type 
that although the various sub-units work perfectly well 
individually, once they are connected together, the overall 
performance is no longer within specification. Furthermore, 
it is often difficult to locate the trouble spots, and a great 
deal of unnecessary modification can ensue.
The major factors which caused deterioration in overall 
performance in this case, were as follows :-
(1) Increased noise level caused by:
(a) Change in input circuit configuration.
(b) Specific A.C. interaction through indirect 
coupling.
(c) Orientation and proximity to magnetic fields.
(2) Drift and instability caused by:
(a) Temperature gradients.
(b) Faculty components.
(c) Electrostatic interaction.
(d) Short term overload.
(3) Mains transmitted transients.
Initial difficulties arose from the physical layout.
Both amplifiers and the recorder were mounted in an enclosed 
19" rack, but care was taken to prevent interaction between 
the various transformers and connecting cables. The 
orientation of the recording console with respect to the 
bath also affected the performance.
Once the measuring circuit was connected, it became 
extremely difficult to analyse the noise sources individually, 
since at this level even the slightest interaction became 
significant. Particularly important was the problem of "earth 
loops". This occurs when two interconnected parts of a circuit 
are separately earthed allowing a current to flow between them 
via the "earth loop" formed. A distinction must be drawn here 
between "earth" and "ground" as used in this context. "Circuit 
ground" refers to the low potential line of the amplifier 
circuit which is usually a direct connection from input to 
output. From the output it is connected to the negative input 
of the recorder, but not necessarily to "earth" which refers to 
"mains earth".
In this case the instrument rack was earthed for safety, 
but the 6036 chassis was insulated since it is permanently 
connected to ground. All input circuit screening was returned 
to ground at a single point on the amplifier and eventually this 
point was earthed to further reduce the noise. In this way the 
"tree" configuration was established. However, one most 
unlikely loop remained via the steel shaft of the bath stirrer to 
the submerged jacket, and this could only be cured by fitting a 
P.V.C. insulating sleeve to the shaft.
The bath stirrer motor also made a significant contri­
bution to the noise level, through its residual magnetic field 
(2-pole construction). At worst, this could displace the 
amplifier output by as much as 50 nanovolts, depending on orienta 
tion. Thus, each position on the input selector switch had an
associated motor orientation, which needed to be maintained to 
within a few degrees for best results. This effect was not 
significant for the calorimeter stirrer motor because of its 
four pole construction and low external field.
The input resistance change which occurred when the 
measuring circuit was connected, did not greatly alter the 
noise level, but slightly better results were obtained when the 
input transformer and chopper were readjusted to the new 
conditions.
Excessive d.c. drift and instability in the D. C. amplifier 
could usually be traced to a change in ambient temperature, a 
faulty chopper or valves, or slow recovery from overload. To 
attain steady state working conditions, the amplifiers were 
switched on for at least 24 hours before use, and in general any 
change in these conditions such as circuit adjustments, voltage 
overload, or large variations in gain, were kept to a minimum.
Some of the most difficult interference to eliminate was 
that transmitted through the mains. The gain of the 6036 
amplifier is voltage sensitive, and any fluctuations in the 
supply, appeared on the trace as random noise. This was 
easily reduced by a constant voltage transformer, but the same 
did not apply to the short duration switching transients caused 
by other equipment on the same ring main. These "spikes" were 
too fast to be absorbed by normal stabilisers, and had to be 
arrested at their source by fitting a suitable condenser or 
filter.
10. DESCRIPTION OF APPARATUS
10.1. Principle of Operation
The complete apparatus is shown as a block diagram in 
Fig. 13. Any temperature difference existing between the 
thermocouple reference junctions located in the constant 
temperature bath, and the sensing junctions attached to the 
reaction vessel, generates an emf in the input circuit of the 
recording equipment. This microvoltage, which is directly 
proportional to the temperature difference between the iso­
thermal jacket and the reaction vessel, is then amplified by a 
low noise high gain D.C. amplifier and displayed as a 
temperature vs time trace on a potentiometric recorder. For 
work requiring maximum sensitivity and precision, most of the 
emf produced, is neutralised by a microvolt source in series with 
the thermocouple, a technique which allows the temperature scale 
to be considerably expanded. Calibration of the calorimeter is 
carried out electrically in the normal fashion.
10.2. Component Assemblies
The apparatus as shown in Fig. 13 can be divided into 
five component groups. For ease of description, each of these 
assemblies will be dealt with separately under the following 
headings
1. Calorimeter. 4. Recording Equipment.
2. Constant Temperature Bath. 5. Calibration Unit.
3o Thermocouple System.
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1. Calorimeter:
The calorimeter differs only slightly from that described
r Qr]
originally by Sunner and Wads*6. The pyrex glass reaction
vessel (65 mm long, 50 mm diam., 20 mm diam. neck) has a capacity 
of approximately 105 ml, and is located centrally in a chromium 
plated brass jacket (see Fig. 14). It is surrounded by a 
25 mm air gap, and fixed to the lid of the jacket by an 
"araldited" connection.
The stirrer assembly screws into the lid and fits inside 
a glass extension, which provides a satisfactory depth of 
immersion in the bath. The stainless steel stirrer shaft 
extends slightly into the neck of the reaction vessel, where an 
18 carat gold stirrer-ampoule holder is attached by means of a 
teflon coupling. A belt and pulley system drives the stirrer 
from a 4-pole induction motor (Garrad DHP), and provides a 
selection of speeds.
Two thermocouple junctions are sealed into a re-entrant 
tube containing silicone oil. A second tube is filled with 
silicone heat sink compound (Midland Silicones DP2623) and 
contains the calibration heater. This 100 ohm heater is made 
from 42 swg enamelled Karma wire (108 ohms/yd.) which has been 
wound into a small formerless coil, spot-welded to heavier 
supporting wires, and then gold soldered to copper lead wires 
(34 swg). The diameter of the heater coil is matched to the 
size of the tube so that the windings are in contact with the 
glass, and the neck is sealed tvith a heat softening wax.
The second thermocouple system fitted to the calorimeter
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Figure 14. The Calorimeter.
has one junction located in the lid of the jacket,
and the other attached to the outer surface of the reaction vessel 
(see Fig. 14). The external connections for this thermocouple 
and the calibration heater are made through a six contact plug 
and socket (ITT-Cannon KPTM 10-6), mounted on the lid above water 
level.
2. Constant Temperature Bath:
Seventy litres of distilled water are contained in a large 
polythene vessel which is surrounded by insulating material 
(vermiculite) and enclosed in an outer case. Efficient stirring 
is achieved by a single high speed motor (1500 rpm) using a 
16.5 cm stainless steel shaft and a 3 cm three bladed impeller 
(non-metallic). The stirrer shaft is insulated electrically 
from the water by an outer coating of P. V.C. A 30-50 watt 
immersion heater is located directly beneath the impeller in a 
region of maximum turbulence.
The water is maintained at a constant temperature 
(+_ 0.001°C. ) by a sensitive thermo-regulator in the form of a 
glass spiral coil, 50 cm long and 10 cm in diameter. This coil 
contains approximately 250 ml of hexane, and is terminated in 
the normal way by a mercury capillary contact arrangement.
The bath heater is operated in conjunction with the mercury 
contact via a solid state electronic control unit (see Fig. 15). 
This simple on-off system has been improved by the addition of a 
proportionating head (Sunvic type T.O.L.) to the mercury contact, 
which varies the heating intervals and reduces short term
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temperature fluctuations as shown in Fig. 19(b).
The PTC-1000 temperature controller is a solid state 
device providing continuous control, which virtually eliminates 
short term fluctuations. The control temperature can be 
accurately set and adjusted on two dials, in conjunction with a 
range of thermistor sensing probes.
The calorimeter and jacket are held in the bath by a 
perspex collar, fixed at a depth of 7 cm below the surface.
Bath temperature is indicated on av 21-27°C. mercuty-in-glass 
thermometer graduated in 0.01°C. intervals.
3. Thermocouple System:
The two separate thermocouple circuits installed on 
the calorimeter are: (a) the measuring circuit, and
(b) the monitoring circuit. Fig. 17(a) shows a detailed 
diagram of the measuring’ circuit. The calorimeter temperature 
is measured in terms of the emf developed by two chromel- 
constantan thermocouples connected in parallel, using the bath 
temperature as a reference. The two sensing junctions are 
sealed in a re-entrant tube so as to record the average 
temperature over its length.
The four equal length 25 swg wires, which make up the 
connecting cable between the reference junctions and the 
calorimeter, are individually sleeved with P.V.C., twisted, 
screened and further insulated with P.V.C. tape and sleeving.
A thick polythene tube (l6 mm o.d., 3 mm wall thickness) forms 
an outer protective cover for this cable and provides a push- 
fit seal on to a flange around the cable-entry into the
CONNECTING
CABLE SPARE CALIBRATE
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Figure 16. Reference Junction Assembly and Selector Switch.
calorimeter (see Fig. 14). The two sensing junctions are 
spot-welded, while the reference junctions are fixed into gold- 
plated crimp-pots (ITT-Cannon KPTM 16 contacts), and immersed 
in silicone oil.
Stabilisation of the reference junction temperature is 
achieved by an assembly which consists of three concentric 
perspex tubes, a, b and c, Fig. 16(a). The inner tube
(a) (25 mm o.d., 2.5 mm wall), contains the junctions, the oil
and the lead wires, and has a copper foil lining (f), which 
provides electrostatic screening. Just below water level, the 
lead wires pass through an air-tight seal of silicone rubber
(d), contained in a threaded brass sleeve insert. The second 
tube (b) (30 mm o.d., 1.5 mm wall), forms an air lock around
the first, while the opter tube (c) (50 mm diam., 2.5 mm wall),
restricts the water turbulence around the complete assembly.
A special cable is used throughout the remainder of the 
input circuit (Aerialite 1029). It contains two 22 swg P.V.C. 
covered copper conductors which are twisted, screened, and 
insulated by both polythene and P.V.C. sleeves. This cable 
connects the reference junctions to the input selector switch 
which is also immersed in the bath. The switch is a rotary 
stud type (H. Tinsley, 2623C-57) with copper contacts, and is 
mounted inside a cylindrical perspex case filled with 
transformer oil, Fig. 16(b). Connecting cables enter the 
case through f0 *-ring oil seals and are protected from the 
water by polythene outer tubes. All cable ends are sealed, 
and a small ’’breather" tube prevents pressure build-up.
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The switch provides four inputs to the D. C. amplifier, viz. 
calibration, short circuit, thermocouple emf, and spare, and a 
perspex extension shaft enables any one to be selected using 
controls located on top of the bath.
The circuit diagram of the .microvolt source used for 
zero suppression is shown in Fig. 17(a). An emf of the required 
magnitude and polarity to neutralise most of the thermocouple 
output signal is generated across resistor R^, mounted on the 
selector switch. This resistor is a non-inductive manganin 
type (approximately 0.2 ohms), which is connected directly into 
the input circuit with copper junction studs and thermal-free 
solder. Current is supplied to from a 2 volt lead 
accumulator, encased in polystyrene, via an adjustable two 
stage resistance divider network. Resistor R^ and adjustment 
potentiometers and P^ (Bourns Trimpot 200), enable the 
current to be standardised, while the ten-turn precision 
potentiometer, P^ (Bourns, 3^00), determines the magnitude of 
the zero suppression applied. This value is governed not 
only by the setting of P^, indicated on a turns counting dial 
(H490) or digital readout (3&50), but also by its connections 
with respect to the three range resistors R^, R^ and R^. Push 
button switches and select these ranges while determines 
the polarity.
The current in R^ is monitored in terms of the potential 
drop developed across Rm , measured on a precision potentiometer 
(Cropico P10). All resistors are non-inductive wire wound 
types (Cropico 0.1% tol.), with low temperature coefficients
and low thermal emf's to copper.
The essential details of the monitoring circuit are 
shown in Fig. 17(a). An emf is developed by a differential 
chrome1-alumel thermocouple connected between the outside of 
the reaction vessel and the isothermal jacket. External 
connections are made through crimped chromel contacts housed 
in a plug and socket arrangement (ITT-Cannon KPTM) on the lid 
of the jacket. Two 30 swg chromel wires sleeved with P.V.C. 
and twisted together, form the connecting cable which joins 
to copper leads via crimped gold-plated copper contacts. These 
contacts are insulated with thin polythene sleeves and housed 
in a copper block which is itself enclosed in polystyrene.
The output signal is registered by a suitable microvoltmeter 
connected to the copper leads.
4. Recording Equipment:
The emf vs time trace is recorded on a L and N 
Speedomax type W potentiometric recorder, with a 10 inch chart 
span of 1 mV subdivided into 100 divisions. For convenience 
it has also been fitted with a ten-speed gear box (chart drive), 
pen-lifting mechanism and a centre zero facility. The recorder 
is mounted in a 5 ft. 6 in. enclosed instrument rack, along with 
the two D.C. amplifiers which make up the remainder of the 
equipment.
Two types of D.C. amplifier have been used with the 
thermocouple measuring circuit. The first of these, a 
Tinsley 6 0 3 6 , Fig. 12(a), is a high gain, low noise general
purpose instrument. It features a low noise, thermal-free,
motor driven, mechanical "chopper” unit (type T.C.112) which
serves both as an input d.c./a.c. converter, and an output
demodulator. Amplifier gain is selected by coarse and fine
3
controls and is continuously variable over the range 10 to 
7
10 . No overall d.c. negative feedback is included in the 
circuit, and modifications have been made to the input stage 
to remove unnecessary components (see section 8 . 4 . ) .  An 
external constant voltage transformer (advance CV150J) provides 
the necessary power supply line stabilisation.
The second amplifier, a Keithley 149, Fig. 12(b), is 
essentially a milli-microvoltmeter covering the range from 
100 nanovolts full scale to 100 millivolts. In this role 
its output is indicated on a panel meter but may also be used
g
as a recorder amplifier with a gain of up to 10 . The 
circuit incorporates an electromagnetic mechanical input 
"chopper”, an a.c. amplifier, diode demodulator, and a d.c. 
amplifier in the output stage. The gain is varied in fixed 
steps, selected by a range switch, and stability is increased 
by the use of d.c. negative feedback from output to input.
In addition a supplementary circuit is included in the input 
stage which provides several ranges of positive and negative 
zero adjustment. When not in use with the measuring circuit, 
this amplifier is connected to the monitoring thermocouples.
5. Calibration Unit:
The basic circuit of the electrical calibration unit
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is shown in Fig. l8. The heating current is drawn from a
mains operated 30V D.C. supply, stabilised by transistors and
Zener diodes (Ether, type AA-0500), and can be adjusted to any
required value by a 4-dial precision resistance box (R , O-lOkn).a
During a calibration, the actual current flowing in the 
heater (R^) 1 is measured in terms of the voltage across a 10 ohm 
resistance substandard (Rp)* using a precision potentiometer 
(CROPICO, P10). In the "standby" condition the heater is 
replaced by a dummy load (R^)* and the current drawn is 
indicated on a panel meter. A three-pole relay changes the 
condition from "standby" to "calibrate" and simultaneously 
initiates the interval timer. Two timers have been used to 
record the heating interval, a Venner milli-second electronic 
stop-clock (TSA 1014), and a Jaquet solenoid actuated mechanical 
stop-clock, the latter having a resolution of 0.02 seconds.
In order to adjust the temperature of the calorimeter 
just prior to a reaction or calibration, provision has been 
made for the heater to be connected to an auxiliary heating 
circuit. This consists of a 12V D.C. supply, a milliammeter, 
and suitable resistors to give current of 15 mA, 40 mA, 60 mA,
100 mA, with push-button selection.
11. SPECIFICATIONS
Although every effort is made to match the theoretical 
requirements, such as those stipulated in Sections 7* and 8., 
the actual performance of the apparatus after assembly may be 
better or worse than anticipated. It is therefore of 
fundamental importance that the specifications of a new 
instrument are established at an early stage. Once these 
measurements have been confirmed over a period of operation, 
they become valuable tools for the location of faults, and 
at times, serve as a guide in the assessment of inconsistent 
results.
The specifications and characteristics which have been 
determined for this instrument are listed below:-
1. Constant Temperature Bath:-
(a) Thermoregulator
O Q
Short term fluctuations : +_ 1 x 10 C.
Long term drift: + 5 x 10  ^ °C.
Drift caused by contact
2 odeterioration: 1 x 10” C./week
(b) PTC-1000
No direct measurements, 
but see Fig. 19(a)
2. D.C. Amplifiers:-
(a) Tinsley 6036
Max. practical sensitivity: 0.8 ]lV FSD
Response time: 
Noise level:
Drift:
Linearity:
Gain stability
Thermal emf 
(shorted input):
Recovery:
Input resistance 
General:
Keithley 149 s- 
Maximum practical
Response time:
Noise level:
Drift; long term: 
short term
Linearity:
Zero Suppression 
Stability:
Gain:
1-2 secs. (10% - 90%).
3-4 nanovolts p-p up to 50% FSD.
(significant increase from 
50-100% FSD).
10 nanovolts/hr. (steady state 
conditions).
_+l% between 20-40% FSD.
+3% overall.
+1% (based on input required for 
20-40% FSD).
10-15 nanovolts.
Poor; drift and gain affected 
by changes in operating 
conditions.
20-30 ohms.
Steady state conditions 
essential; noise gain and drift 
affected by copper adjustments, 
valve characteristics and voltage 
fluctuations.
sensitivity: 3U^ FSD (recorded).
l.pV FSD &ndicated).
0.5 secs.
10 nanovolts p-p.
10 nanovolts/hr.
+_ 10 nanovolts/min.
+1% .
_+30 nanovolts.
Feedback stabilised.
Thermal emf (input shorted): 0.25 pV
Recovery: Good.
Input resistance: 100 - 300 K
Thermocouple System:
(a) General
Sensitivity; sensing elements: 63 pV/°C. approx
Sensitivity to hath temperature 
changes: 0.7 p V/°C.
Damping ratio of isothermal 
jacket: 1:5
Thermal emf1s (excluding 
sensing and reference less than 5
junctions): nanovolts.
Circuit Resistance (R ): 3 ohms.s
Effect of low input resistance 10% decrease in 
with 6036 amplifier: output.
(b) Microvolt Source
Ranges: 1. +_ 0-3 pv.
2. _+ 3-6 pv.
3. Hr 6-9 pv.
4. Hh 0-8.9 pV,
Battery current drift: 0.25 pA/hr.,
i. e. .002%
Reproducibility; Potentiometer 
dial setting: +0.5% for one
revolution, 1~ 
i.e. Hr 3 x 10” 
volts in output 
voltage.
Polarity reversal: (+) and (-) values
to within 
+ 2 x 10 ~ volts
4. Calibration Unit and Heater:
(a) D.C. Supply-
Current variation during calibration: +_ 0. 01%
Current reproducibility:
Stability of current measuring 
resistor (10 ohms):
(b) Potentiometer (Cropico P10) 
Temp, coeff. of std. cell. 
Galvo (H. Tinsley):
5. Heater:
Resistance change during calibration: 
Long term stability:
Heat transfer (copper leads):
+ 0.1%
.0002 ohms/ 
year
40 pV/°C.
5 0 ohms,
500 mm/pA.
nil.
.01%
0.015 joules/ 
sec/°C.
Equilibration time:
Thermal conductivity of medium (DP2623): 18 x 10
0. 5 min.
-4
cal/sec/cm*V°C, 
Thermal lag: 12 secs.
Examples of the overall short term stability of the 
measuring circuit and the thermostat, are in Fig. 19(a). A 
deterioration in performance caused by unsatisfactory 
temperature control is also shown. Fig. 20, gives a 
comparison of the measuring and monitoring circuits in terms 
of sensitivity and stability.
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12. OPERATION AND PERFORMANCE
12.1. Calorimetric Measurements
The "substitution method" of enthalpy measurement has
been used in a wide variety of calorimeters and a detailed
analysis of its application to the isothermal jacket type 
r a-, i
is available. In essence, the temperature change produced
in the calorimeter by a chemical reaction is reproduced by a 
known heat source, normally an electrical heater. In 
practical terms, however, this "electrical calibration" can 
never follow exactly the same curve as the reaction, and a
proportionality factor, £, is introduced, such that:
Q = e. AO (12.1.1)
where: Q = amount of heat produced by reaction.
AO = temperature change duE to reaction.
E = calibration constant.
£ is equivalent to the heat capacity of the calorimetric 
system and is determined from the calibration experiment 
using the expression:
£ = — (12.1.2)
c
For maximum accuracy it is essential that the 
calibration should match as closely as possible the temperature 
range and conditions of the reaction. This ensures full 
compensation for such effects as variation of £ with tempera­
ture, non-linearity in the measuring and recording system, 
thermal lag, and changes in the nature of the thermal exchange
r 8iifor reaction and calibration.1- In the latter case, during a
reaction, heat is produced rapidly within the body of the 
solution giving rise to an exponential temperature change, 
while the calibration involves a steady heat output and a 
linear change. As a consequence, the following points 
significantly affect the design, operation and accuracy of 
the type of apparatus described here:
1. Efficiency of heater, i.e. hea* dissipated in soln.
v O "t X x l G ^  "t 1  XXplX *t 0
The main factor here being heat conducted along the 
lead wires.
2. Heater response and equilibration time: This is
determined by the physical construction, thermal 
medium, thickness of glass well, stirrer speed and 
heater current. It should be kept as short as 
possible.
3. Reaction period and calibration time: These should
be equal where possible, but restrictions are 
imposed on the calibration by limits of permitted 
heater current and of timing accuracy.
A calibration is normally performed in conjunction with 
each reaction run, except in the case of an identical series.
If the calibration is carried out before the reaction, the £- 
-value obtained refers to the isothermal process at the final 
temperature of the experiment. If after the reaction, the 
results refer to the initial temperature, with the difference 
in G-values relating to the apparent change in heat capacity 
for the reaction.
12.2. Calculation Method
Typical temperature-time curves for exothermic and
endothermic reactions together with corresponding calibrations
are illustrated in Figs. 21 and 7. In Fig. 21(a), ab and cd
represent the heat exchange properties of the calorimeter
before and after the reaction be. It has been established
that during the periods ab and cd, this heat exchange obeys
r 7klNewtons Law of Cooling, i.e.:
H  = K(T - T) + u (12.2.1)
where: K = thermal leakage constant for the calorimeter and
contents.
T. = temperature of isothermal jacket.
3
T = average temperature on surface of reaction vessel, 
u = heat of stirring.
This is a linear function provided the heat of stirring is 
constant. Under non-adiabatic conditions, the observed 
temperature change (AT) must be corrected (^T ) for the
heat exchange occurring during the reaction period be.
This corrected temperature change (AO) can then be substituted 
in equation (12.1.1) to determine the heat of reaction. The 
required 8-value is obtained from equation (12.1.2)using a 
similar correction procedure on the calibration curve, Fig. 21(b).
Two methods have been suggested for the evaluation 
of the temperature correction term rr  ^ in the expression:
AO = AT - AT (12.2.2)corr
~o
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Both are based on equation (12.2.1) which can be written in 
the form:
H T
* = 37 = K(Tco" T) (12.2.3)
where g is the slope during periods ab or cd, and g = o, 
when T = Too
On integration between the time limits tfe and tc, 
this gives:
AT =/ CK(T - T)dt corr I oo
[74]
= K(T - T )ft - t ) (12.2.4)oo m e b
where = mean temperature during reaction period.
can be evaluated by the Regnault-Pfaundler method,
or in the case of reaction periods not in excess of five
minutes, AT can be evaluated directly by Dickenson!s’ corr
method, This consists in finding, a time (t ) ' such that:; m
(12.2.5)(T - T)dt = AT
where: g^ = slope of pre-reaction period ab (initial).
g^ . = slope of post-reaction period cd (final).
t is determined from the reaction curve by a trial and error m
graphical procedure, since Dickenson showed that for 
equation (12.2.5) to hold, the two shaded areas, A and B in 
Fig. 21, must be equal. It follows from equations (12.2.2)
and (12.2.5) that the corrected temperature change (A©) is
simply the intercept produced by extrapolation of ab and cd to
as shown in Fig. 21.
The thermal leakage constant (K) provides a useful check
on the performance of the calorimeter and can be calculated
using an expression derived from equation (12.2.8). 
g, S r
K = ■=£---(12.2.6)
f i
where and are the mean temperatures of the initial and
final periods, respectively.
In order to calculate the calibration constant (e) from 
equation (12.1.2) it is necessary to know the precise value of 
the heater resistance the heater current (i), and the
calibration time (t), then:
Qc = v 2*
R  i2t
and e = -gg—  (12.2.7)
c
From equations (12.1.2) and (12.2.7) the expression for 
the molar heat of reaction (AH) then becomes:
AH = (Rhi2t) • “  joules/mole (12.2.8)
c
where M = molecular weight.
m = weight of compound in ampoule.
12.3. Measurement Procedures
The direct readout facilities developed in this 
apparatus can be utilised in two ways:
(a) Low sensitivity or single chart-width recording.
(b) High sensitivity or expanded scale recording.
Condition (a) provides a quick effective means of
recording an experiment, since all necessary information is 
contained on the chart. Calibrations can be matched visually 
and Dickenson corrections can be applied directly to the 
trace. Temperature changes are measured in terms of chart 
distance to + 1 mm, which for a 10" recorder precludes a 
precision better than +_ 0.5% in all cases. The Keithley 149 
is well suited to this application because of its linearity 
and accurately calibrated ranges, however, sensitivity is 
limited to a maximum of 3 microvolts full scale.
For expanded scale recording (b), the Tinsley 6036 
amplifier is used and the sensitivity is increased to 0.8 
microvolts full scale. The microvolt source is used to 
"back-off" most of the emf due to the initial temperature, so 
that a trace of the pre-reaction period can be recorded. The 
backing off voltage is noted and the reaction initialed. 
Adjustments to the microvolt source are made throughout the 
reaction period until equilibration, when the post-reaction 
period is recorded. Dickenson areas are determined either 
from an identical run under condition (a), or by reconstruc­
ting the curve on squared paper. Temperature is expressed 
in microvolts since the absolute thermocouple calibration 
is unknown. A© is determined from the measured change in 
output of the microvolt source, together with a correction 
derived from the trace.
Serious limitations can be placed on the accuracy of
this method by the input circuit and amplifier characteristics.
In this case the input resistance of the 6036 is low, its
noise level increases for signals greater than half scale, its
linearity is only satisfactory between 20-40% full scale and
its gain is stable for short periods only. All these
undesirable features have been overcome by the adoption of
routine measurement procedures, but the effects of low
resistance must be considered further.
The difficulty arises in the correction term, as
extrapolation of the initial and final slopes to t , canm
result in a difference of up to twenty chart divisions.
Using the chart calibration, the distance can be evaluated in 
microvolts, but unles? the input resistance is sufficiently 
high, the correction obtained will be in error due to 
circuit loading and source resistance (see section 8.2.).
For this apparatus the error has been determined experimentally, 
and corresponds to a reduction of approximately 10%.
Under optimum conditions a precision of +_ 10 nanovolts 
can be achieved for measurements using this method, but 
procedures are more complicated and time consuming than in (a).
12.4. Operation
Before the apparatus could be used for accurate 
measurements, certain resistance values were required, and 
these were determined experimentally. The potential drop 
across each one was in turn compared with that of a standard
resistor connected in series. The values adopted from these 
results are listed below:
(calibration heater, Fig. 18 ) = 104.6l.n» Hh .01 a
R^ (microvolt source, Fig. 17(a)) = 0.229a+^ ,0005 a
R (calibration unit, Fig. 18 ) = 9.9980a+ ,0002a
P “
Note: R (microvolt source, Fig. 17(a)), taken as 1000.n.+ 1am ’ —
from maker1s specification.
The sequence of operations which makes up the measurement 
procedure can best be described in phases, as follows :-
(l) Ampoules, filling and sealing:
Four types of ampoule are used depending on the nature of 
the reactants:
(a) Re-usable: Cylindrical glass body with wax sealed cover 
slides at each end, Fig. 25(a), suitable for larger samples
in aqueous media (volume 1.5. nil).
(b) Standard: Mould blown thin glass cylindrical ampoule,
10 mm diam. 15 mm long, volume 1 ml. The neck is flame
sealed with the ampoule protected in a cooling block, Fig. 25(b).
(c) Plug seal: Modified standard ampoule with neck cut 
short and slightly coned to accept a section of viton
10 f-ring of silicon rubber as a seal. In aqueous media 
wax may be added to improve the seal, Fig. 25(c). This type 
is particularly useful for materials which dissolve slowly.
(d) Liquid: Standard ampoule with constricted neck for
easy sealing, Fig. 25(d).
Ampoules are cleaned and dried before use, types (b) and
(c) are filled with the aid of a small glass funnel, type (d) 
from a micrometer syringe. Sample weights are determined 
to 0.1 mg or 0.01 mg depending on the reaction involved, 
but care must be taken with types (b) and (d) to avoid material 
being retained in the inlet tube. Sealing of types (a) and (c) 
is straightforward, but (b) and (d) must be held in a metal 
cooling block and quickly sealed with a fine oxy-gas flame.
In the latter case excessive heat can cause the ampoule to 
shatter (explode or implode), or with badly filled ampoules, 
cause significant decomposition. After filling and sealing 
the ampoule is fitted into the claw of the calorimeter stirrer.
(2) Filling of reaction vessel:
Approximately 100 ml of liquid are run into the reaction 
vessel from a pipette or calibrated filling burette. The 
exact volume used is not important but reproducibility is 
essenxial. The system is closed by screwing in the stirrer 
assembly.
(3) Preliminary adjustments:
Once the assembled reaction vessel and jacket is placed 
in the bath and stirring commenced, the calorimeter temperature 
is adjusted to the desired reaction start point. For high
sensitivity measurements this is done using the monitoring 
circuit with no input to the main amplifier. At low 
sensitivity, the measuring circuit is used in conjunction with 
the amplifier gain control.
In general the calorimeter temperature will be lower 
than the starting temperature, although this can be minimised 
by pre-heating the liquid, and adjustments are made with the 
auxiliary heater supply. At the start point, a period of 
10-15 minutes is allowed for equilibration.
If the measurements are to be made at high sensitivity, 
it is essential for the calibration of the recording equipment 
to be checked over the specified operating range (see section 12.3.), 
and for the output of the microvolt source to be standardised.
With the potentiometer connected across R^ (Fig. 17(a)), the 
current is adjusted (P-^ . 17(a)) until a reading
of 0.15255 volts is obtained. The potentiometer is then 
connected across Rm (Fig. 17(a)) and the input selector 
switch set to CALIBRATE, so that the microvolt source is 
connected directly to the amplifier. The polarity and 
magnitude of the output are adjusted using and 
(Fig. 17(a)) to give recorder deflections of 20 and 40 divisions 
(20 and 70 divisions for centre zero), while corresponding 
voltages are determined from the potentiometer.
(4) Initiation of reaction:
Again two procedures are employed depending on the 
measurement sensitivity.
(a) Low sensitivity (149 Amplifier): The pre­
reaction slope is traced at an appropriate gain and 
chart speed for a period of 3-5 minutes. Provided 
this trace is linear the reaction is initiated by 
lowering the ampoule on to the breaking pin. Reacti 
and post-reaction periods are then automatically 
recorded. If conditions are correct, the complete 
reaction will be traced on a single chart width as 
shown in Fig. 23. For large heats, centre zero 
recording is employed to allow for output polarity 
reversal as the calorimeter temperature passes 
through 25°C. during the reaction period.
(b) High sensitivity (6036 Amplifier): For reasons
discussed in Section 12.3. , the initial and final 
slopes must be traced in the same region of the 
chart, i.e. 20-40% full scale, side zero, 10-30% 
and 70-90% full scale, centre zero.
With the input selector switch set at THERMOCOUPLE, 
the microvolt source is adjusted to bring the recorder pen 
into one of the above chart regions. The reading on the 
ten-turn dial is noted, along with the range and polarity 
required, and the initial slope recorded.
After initiation of the reaction, the microvolt 
source is continuously adjusted to compensate for the 
change in emf during the reaction period, and then the
final slope is recorded in the appropriate region of chart.
The dial reading is again noted and after 3-4 minutes, the 
input selector switch is returned to CALIBRATE to enable the 
checks described in (3) to be repeated. Finally the voltages 
across R^ corresponding to the two dial readings noted above 
are measured on the potentiometer. Fig. 24 shows the trace 
obtained.
(5) Electrical Calibration:
This normally follows directly after the reaction, but
may in some cases, precede it. The temperature of the
reaction vessel and contents must be re-adjusted to a
suitable start-point, based on the observed or anticipated
reaction interval. During equilibration, the required
heater current is set by measuring the potential drop across
R and adjusting the current with R . The calibration then p a
follows the same procedure as for a reaction, but with the 
additional measurements of current and time. Typical curves 
are shown in Figs. 23 and 24.
(6) Calculations:
The recorded trace is first analysed in terms of 
Dickenson areas (Fig. 21), the initial and final slopes 
are extrapolated to t , and the intercept measured (see 
Fig. 21).
For high sensitivity recording (Fig. 22), this intercept 
represents a correction to the overall change in emf 
produced by the microvolt source (section 12.3.), and may be
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positive or negative. In addition, its value must be increased 
by 10% to allow for input circuit losses (section 12.3.).
Under these conditions, the corrected temperature change, 
AO, is calculated as follows
AEmfAO =
Kt (12.3.1)
where, K^ _ = thermocouple calibration constant
= 63 llV/°C approx. (for these thermocouples).
i.e. AO AEmf.
Now let, A = - Vf) \
R ^  m
= 2.29 (V - Vf) x i o " 4 p.V. (12.4.2)
where A^ = change in emf produced by the microvolt 
source.
V^,V^ = voltages across R^ during initial and 
final periods respectively.
and if 5y = intercept on t
J m
AV = change in voltage across R^ corresponding
to a given recorder displacement (divisions) 
C = calibration constant for the recording 
equipment.
V = emf correction term derived from the 
intercept Sy.
then, C = ^ 2 9 A V x 4 0 ^ _
7 No. of divisions ^
and A = 1.10 x (6y.C)
= 5y.C 1 pV. (12.4.3)
where C ’ = corrected calibration constant 
= 1.1 x C 
The change in emf is then given by:
AEmf = A + A pV. (12.4.4)1 w
Equations (12.1.1) and (12.1.2) in Section 12.1. then became
Q = £ 1.AEmf joules (12.4.5)
Qc
E ' = ABrf joules/p.V.
AEmf ~ 104.61 (A£mf * (12.4.6)
c c
V
where £ 1 = z-—  ; and i = rr^- jv Kt p
and then from equation (12.2.8)
MAH = £*AEmf(— ) joules/mole.
At low sensitivity
AEmf = 5y.C pV.
Q 
>y
= joules/mm
Vc
and Q = £M.6y joules. (12.4.7)
The calibration constants (EjE 1,^1) used in these 
calculations are different, but related on one another as 
follows:-
£ = Kt£» = C.KtE" joules/°C. (12.4.8)
An assessment of the precision of a given set of 
measurements can be obtained from the standard deviation 
(s) of the individual values. For a set of n measurements:
where: 6 = deviation of the individual values from the
mean value, Q.
It follows that not more than 30% of the values fall 
outside the range Q +, s, and not more than 3% outside 
Q Hh 2s.
The uncertainty interval within which the mean values of 
subsequent sets of measurements should lie, is by convention, 
taken as twice the standard deviation of the mean (+ 2&).
1
2
where (7 = the overall standard deviation.
12.5. Accuracy of Measurement
The absolute accuracy which can be ascribed to 
experimental results is not solely determined by the precision 
of the measurements. The factors which seriously affect the 
agreement between measured and theoretically anticipated 
values, must be assessed for individual systems, but they 
normally fall into three main categories
1. The chemical reaction.
2. Systematic errors.
3. Miscellaneous corrections.
Here <7 =
m *
l 62
n(n-l)
The chemical reaction: The exact nature of the chemical
reaction taking place in the calorimeter is not always possible 
to establish. Reaction products can be difficult to define, and 
additional data needed for the overall thermochemical calculations 
is sometimes inaccurate. Unsuspected impurities can cause side 
reactions, and in general, the combination of all these effects 
tends to be more significant than instrumental errors.
Systematic errors (Instrumental) : An instrument which exhibits
a high order of precision may still be subject to systematic 
errors. The technique of comparative measurement effectively 
minimises the problem, but some sources always remain. The 
most important of these, for this type of calorimeter, have 
been discussed in Section 12.1., along with preventative 
measures incorporated in the design.
A check on the magnitude of the residual error can be 
carried out using a standard chemical reaction. The reaction 
most commonly used is that of the neutralisation of tris(hydroxy 
methyl) aminomethane in 0.1 M HC1.
f7 4]
Miscellaneous corrections : Wads<5L has discussed the nature
of these heat effects in some detail, and the phenomena most 
likely to cause significant corrections include
(a) ampoule breaking.
(b) changes in heat of stirring after ampoule fracture.
(c) evaporation of calorimetric liquid.
(d) undissolved solid trapped in ampoule seal.
(e) temperature of reaction.
Again it is necessary to assess the magnitude of these 
corrections for each new system being studied.
12.6. Chemical Standard for Reaction Calorimeters
The reaction of tris (hydroxy methyl) aminomethane 
(THAM) with 0.1 M HC1, has been closely investigated since it 
was first proposed as a standard thermochemical process by 
Irving and Wadso, and for this reason, it has been used to
evaluate the performance of the calorimeter.
The experimental results for a series of THAM reactions 
run at both high and low sensitivity are contained in 
Tables 17 and 18 and typical traces are shown in Figs. 23 and 
24. These results have been summarised below along with 
details of corrections applied and estimates of accuracy and 
precision.
1. THAM
Molecular weight 
Density
29.80 x 10  ^ joules/mole 
3
+_'0.1 x 10 joules/mole
2. Results
(a) Low sensitivity
(i)-AHsoln
Mean value =
(exptl. conditions)
Estimated uncertainty = 
interval
= 121.14
1.35 gm cm-3
[105]
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(b)
NOTE:
(ii) e"
Mean value = 0.620 joules/mm
(4 calibrations on run No. 3)
Est. precision = +0.001 joules/mm
An overall mean value is unsatisfactory because of 
possible changes in the amplifier calibration.
High Sensitivity
(i)-AH ,soln
3Mean value = 29.76 x 10 joules/mole
(exptl. conditions, n=5) = 7113 cals/mole
o
Standard deviation (s) = 0.017 x 10
Standard deviation of the 
mean (O') = 0.01 x 10^
O
Uncertainty interval (2&) = +0.02 x 10 joules
(ii) S!
Mean value (e!) = 7.518 joules/]iV
(n=9)
Standard deviation (s) = 0.005
Standard deviation of 
the mean (&) = 0.002
Uncertainty interval (2&) = jf0.004 joules
AH calculations are based on e 1 since the uncertainty 
interval is of the order of 0.05%.
3. Corrections
Only two corrections were found to be significant.
(i) All sample weights were corrected to vacuo using 
the relationship:
W (gm) = W . (gm) + O.76 W . (mg) vac. air 0 axr 0
(ii) The value of AH refers to the temperature before
reaction since calibrations were performed on the 
reaction products.
AT = 0 .2 5°C.
T. = 25-0.125°C.1
AC = -167 joules/°C. / m o l e ^ ^ ^
P
3
Correction = 0.02 x 10 joules
1 . e. -AH2 = 29.7^ x 10^ joules/molesoln
The value of 29,7^ x 10^ 20 joules/mole (7108 +_ k
cals/mole) agrees well with published data, 11 0 6]
demonstrates that the calorimeter is comparable in accuracy
and precision with other types of equipment. In addition,
3the value obtained at low sensitivity (29.8 x 10 _+ 100 joule
mole) is within the tolerance specified at that level.
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EXPERIMENTAL
13. PREPARATION OF MATERIALS
Metal Complexes of 2,4-Pentanedione:
Tris (2, 4-pentanedione)M(lIl) complexes have been 
prepared for: M = Aluminium, Chromium, Cobalt, Iron and
Manganese. Standard methods were used throughout and only 
brief details of the procedures will be given here.
r3]
Alacac^:L  ^ The ligand (0.06 moles) was dissolved in aqueous
ammonia and the solution added to aluminium sulphate (0.01 moles) 
in water. Under neutral conditions, the complex was 
precipitated rapidly as a pink-white solid (solouration due to 
iron impurities), in 80-90% yield. A white crystalline solid 
was obtained after careful sublimation (0.2 mm Hg, 130°C. ).
Cracac^;C^-^7] peep maroon crystals of the complex were 
precipitated from a solution of chromic chloride (0.01 moles), 
urea (0.3 moles) and the ligand (0.06 moles) in water, after 
it has been heated overnight on a steam bath.
r i  o8i
Coacac^r 60 ml of 10% hydrogen peroxide were added
gradually to a mixture of cobalt(II) carbonate (0.04 moles) 
and the ligand (0.4 moles). The green crystals of the crude 
salt obtained on cooling the liquid layer, were filtered, 
dissolved in benzene, and recovered by the addition of 
petroleum ether (60-80).
rr7~i
Feacac^r The bright red complex precipitated gradually
from a buffered solution (5 gm sodium acetate/100 ml) of ferric 
chloride (0.05 moles), on the addition of ligand (0,1 mole) in 
ethanol. Over long periods, some decomposition occurred in 
that a suspension could be observed when dissolved in benzene 
or acetone, etc.
noQ]
Mnacac^. Potassium permanganate (0.007 moles) in water was
slowly added to a solution of manganese(II) chloride (0.026 
moles), sodium acetate (0.1 moles) and ligand (0.2 moles) in 
200 ml of water. The black solid was precipitated on the 
addition of sodium acetate solution (0.1 moles), after 
10 minutes heating, followed by cooling to room temperature.
Samples of this compound also showed signs of 
decomposition when exposed to light for several days. The 
decomposition product was light brown in colour and insoluble 
in common organic solvents. For this reason the fine black- 
brown crystals obtained, were stored in the dark and used as 
soon as possible,
Tris(3-methyl-2,4-pentanediono)Aluminium(III): The ligand
was prepared by the method of Sprague et a l . ^ ^ ^  as described 
r76-|
previously. The sodium salt of 2,4-pentanedione was
isolated and treated with methyl iodide in acetone. The 
product was purified by distillation under reduced pressure.
The complex was obtained with some difficulty from a 
solution of potassium aluminium sulphate (0,002 moles) and
14. PURIFICATION OF MATERIALS
14.1. Metal Complexes
All compounds described in Section 13. were further 
purified by several recrystallizations using a mixed solvent 
technique to obtain fine but well formed crystals. The 
compound was initially dissolved in a minimum quantity of 
benzene (ligand added to prevent hydrolysis), and the 
solution filtered carefully to remove any insoluble material 
(particularly important with the iron and manganese complexes). 
Sufficient petroleum ether (100-120) was added so that the 
boiling solution was almost saturated, and the liquor was 
again filtered and allowed to cool. By controlling the rate 
of cooling, suitable crystals were obtained and these were 
recovered by filtration through a sintered glass funnel.
After washing with cold solvent and then dry petroleum ether 
(30-40), the material was dried at the pump and graded for 
crystal size (pass 60 mesh, retained by 150 mesh). This 
sample was then heated in a vacuum oven (10 mm hg, 50°C.) 
overnight and finally stored in a desiccator over silica gel 
until required (Mnacac^ stored in the dark).
Table 18 gives the analytical data for the compounds 
prepared.
Tris(hydroxy-methyl)Aminomethane(THAM)
Recrystallised three times from methanol dried in a 
vacuum oven at 50°C. (l mm Hg). Mesh size 40-100.
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14.2. Solvents
Benzene: A.R. grade or Eastman spectro grade benzene
was refTuxed with calcium hydride for 1 hr. and distilled 
through a Dufton column. The first 150 ml was discarded 
and the condenser was then fitted with a vertical column 
(l ft. long; 1” diam.) filled with Linde molecular sieve 4A. 
The condensate passed down the column into a 500 ml conical 
receiving flask containing a quantity of freshly regenerated 
molecular sieve. Drying tubes were fitted to all air
inlets to maintain the moisture free conditions during the 
distillation. 450 ml of the 80-8l°C. fraction were 
collected and allowed to stand for at least 24 hrs. before 
use. The procedure was repeated as required. Molecular 
sieve was regenerated by heating at 200°C. for several hours 
and then at 110°C. until required.
Chloroform:^ 750 ml of A.R. chloroform were 
washed twice with 200 ml aliquots of distilled water to 
remove ethanol. The wet solvent was initially dried over 
calcium chloride and then refluxed with phosphorous pentoxide 
for 30 mins. before distillation through a Dufton column 
on to potassium carbonate.
This ethanol and acid free chloroform was redistilled 
through an apparatus similar to that used for benzene, with 
the addition of a potassium carbonate "plug" at the top of 
the drying column. 450 ml of the 6l°C. fraction were 
collected, but even when stored in the dark, slow oxidation
produced sufficient hydrochloric acid and phosgene to make 
the solvent unusable after approximately three days.
Acetone; A.R. acetone was dried over molecular 
sieve 4A in two stages. Finally, ^00 ml were allowed to 
stand in contact with the drying agent for 24 hrs. before 
use.
15. ANALYTICAL METHODS
15.1. Thermochemical Measurements
THAM Reaction: Samples were weighed on a twin pan, air
damped analytical balance, reading to Hr 0. 005 mg. Plug seal 
ampoules were used (waxed) in order to reduce equilibration 
time, and in general, a linear heat transfer was re-established 
within 2 minutes after initiation.
Stirrer speed = 600 r.p.m.
Vol. of solvent = 105 ml approx.
Bath temperature = 25 + 0.01°C. (for all expts.) 
Calibration time = 5 minutes
t was determined from the traces obtained at low m
» 2sensitivity. For reactions, Dickenson areas were 400-500 mm
giving an accuracy of + 1 second in t , and reproducibility was
such that the man value (t. + 0.3 mins.), could be used1 7
without introducing a significant error in A0. This value 
corresponded to 0.6 AT, while for calibrations, t was taken 
at 0.5 AT.
In general, measurement procedures were as described 
in Sections 12.3. and 12.4.
Heats of Solution in Organic Solvents: Six [3-diketonate
complexes were each dissolved in benzene, chloroform and 
acetone using the following procedure:-
1. Materials were purified as described in Section 14. 
and ampoule inlets were shortened to facilitate filling. All
glassware, including the reaction vessel, was thoroughly 
cleaned and dried.
2. Samples were weighed on a single pan analytical 
balance reading to + 0.1 mg into standard ampoules which were 
quickly sealed. Those showing excessive decomposition or 
the presence of water vapour were rejected. The sealed 
ampoule was kept in a desiccator before use to eliminate 
moisture.
3. The solvent was pre-heated to 27°C. and then 
transferred to the reaction vessel using special techniques 
to exclude water. (See Note 1.) The stirrer assembly 
(pre-dried), including the ampoule, was fitted, and the 
calorimeter placed in the bath.
4. Sufficient equilibration time (15-20 mins.) was 
allowed to overcome the effects of solvent evaporation, and 
the run was commenced only when a consistent pre-rating 
slope was obtained. Conditions were adjusted so that the 
temperature of the reaction vessel always remained below 25°C. 
Stirrer speed was kept as low as possible (500 r.p.m.) to 
reduce evaporation, but for compounds which were slow to 
dissolve, it was increased to 600 r.p.m. Calibrations were 
matched to individual reactions.
5. The solution was inspected after the run for signs 
of impurities (insoluble material). The ampoule was checked 
for complete fracture and also to ensure that none of the 
sample remained undissolved in the seal. The reaction vessel 
was washed three times with ethanol, dried, and fitted with
a silica gel dessicant.
Notes: (l) The equipment used for solvent handling is shown
in Fig. 26(a) and (b).
(ii) To minimise loss of solvent due to evaporation, 
a teflon running seal was fitted to the stirrer 
assembly. This is shown in Fig. 26(c).
t was determined directly from the traces, those m
at high sensitivity were reconstructed on squared paper, 
and all reactions in a series were checked for reproducibility, 
Two or three measurements were performed for each reaction, 
except in the case of Almeacac^ which was only available in 
small quantities, and which because of its electrostatic 
properties was very difficult to fili into ampoules.
15.2. N. M. R. Measurements
The spectra were recorded on a Perkin-Elmer R-10
Spectrometer. Solutions were made up immediately prior
to use and TMS was added as an internal reference. The
concentration of metal complex was kept at approximately 
—21 x 10 M and the same solvents were used as for the 
calorimetric measurements.
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16. EXPERIMENTAL RESULTS
w
0)
H VO o O CM VO ON A
O ’ 3 o •st* CM ON ON LA
+  0 • • • • • • •
*r-3 ca LA LA
o CO
-
A o CM CO CM
g o O Os o O ON O
z  § CA CA
w \ o o O o o O O
'D • • • t • • •
w H o o o o o o
m
0
O H 01 01 ON VO o H CO
O’ d o ON CA ON LA H1 0 • • • • • • - •
•o LA 01 CM
0 /-N IA LA
§ • • CA ON CM CAoO g IA H rH o CM VO O01 A rH rH H H
H
^  § VO ON CM CA H(O g a CA CM CM CM H H'w ' H rH H H H H
LA
•H <1 O O • ON VVI• O O
E 01 01 ON H O CM CMs_>> rH CM
S
0}
o o On CA LA ON ON
+> 0 01 • H • • •
w H On H LA O ONw VO H rH VO ON
H H
o CA CA CA CM A A01 CA VO O CM O ON
+> £ LA O ON O O O ON
£  fao O H O rH H H o
• • • • • • •
o O o o O O o
CA CA CA
1 • O 0 O
TJ d d d
A 0 0 0
u d d d
rH u
< §
/
c
o
n
t
i
n
u
e
d
Ta
bl
e 
19
. 
(C
on
ti
nu
ed
)
/^s
<D H r*. O CMH IA IA O O IA
O’ £ • • • • •+ 0 •tf* IA IA IA•o
ON CM VD CA IA IA r- 00 VOE O O O O O O O o ON O— B <F CAL0 \ o o O o O O O o O O'D • • • • • • • • • •v-/ o o o o. o o o o o o
w0 [N- r- IN- co 00 00 CA IN- CM 000 H 00 oo VO o r*. [N~ IA o o rHO’ £ • • • • • • 0 0 • •1 0 IA cf IA IA•i“5v-/
0/-v IA>N g ON H IA VO 00 00 CM • VO CA«o B H CM rH CM H rH rH CM OH H H H H rH H CM rH rHrH
<—> s
rQ &✓—*
cd t^- IA cd CM
^ g v—' • • '»✓ •to E CM rH CA A A rN.w rH H H CM CM CM CAH H H H H H H
tN. 1^- H H H rH
,ri S3 • • • • • • •ON ON ON O O O r- o O OH H rH CM CM CM H CM CM CM
H ONto • •0 O O ia O CA CA O o ON O■P 0) CM CM H CM H rH IA CM H O03 H H H H rH H H rH rH rHw
o VO IAH O O O IA
i? E O o o O ON> to H rH H H O•' • • • •O o O o ocnCA CA cd• O O oT3 cd cd cdPh 0 o 0)o cd cd EV 0 Hta o <
£o
•H
+>O
0)
£
u
0
0
u0)H
£
§
<H
A1
+>
H
§
a
£o
•H
+>O
0)
£
£oo
£o
m
£0)
*o
•H
Q
w
S0
• H
-P
3
H
O
<n
<D
SO
N
s
o
CQ
in0
<H
AS
-P
0
T)
H03
-P
S
<D
S
• H
U
0 
ft 
K 
ft
1
o
CM
V
H
&ctf
Eh
w
0) in o CM A- H CO vo
O' H 00 co H CM H H CO co
+  3 • • • • • • • • •
0 ca CA CA CA CA CA CA CM CM•>“3w
z  H*
U) >  E CM H CA -ct< CM o CM
\  3± E ON ON ON ON ON ON ON
-  \ • • • l • • •
U) TJ CM CM CM CM CM CM CMw
M
0) ON r - CO co ON inOH On CA r^ - ON CA CA
O’ 2 • • • • • • •
1 0 -4* in CM CM CM CM CM•H
w
K
O/*^
>» g O in O in in O into g H in CM H o\  w A- co ON ON o 00 000 • • • • • • •
c£i C ' H H o o H O oE >
o ;±
<  ^
*  o
r*> 6 IA in o o O in in in OtO g H co o n- H 00 VO co co
\ v CA CM CA o H o o ON On<H «*n • - • • • • • • • •
E > H H H H H H H o 9<D 7±
/-N VO ON VO VO CM m O n- ON VD ON HCM > CA in H CA h- co CM •ct* CM CA CA
<  tf + 1 i + + 1 1 i + + 1 + + 1 + 1'w'
co O o in CA co CM H H CA A- -4< m H inH  > t^ . CM o VO VO VO CM CA CO CO VO CA A- CA
<  J± CM A- On CM CM o O O O O o o ON co ON cow • • • • • • • • t • • • • • • •
H H H H H H H H H H H H o o o o
/*s CM CM CM CM CM CM CM
•H • • • • • • •
E IA in O O O o oV—/ CM CM CM CM CM CM CM
✓—s
CO VO CA VO0 o co H H ON O■P 0 • • • • O • •
to in o in in A- in
w h- co VO VO in in
VO -4< VO CO O CA ON 00CM On H ON H o ON ON
i? e ‘ O ON O ON O O o ON ONis bo H O H O H H H O o• • • • • t • • •
O o O o O o o o o
CA CA CA CA• O O O O
*0 <d «S a cti
ft 0 0 o o
o <s 03 ctf a
H U ri o
< O S ft
T30)
§
•H
-P
flOO
(TJ
CL)
i
•H
4->
P0
O
0
01
CD
H
&
a
/—\
m
<D H  CO cn
&  H H  Ol O
1 P • • •
0 co co cn
•n
01 H
[n-  IN-
w ^ CO 01 CO cn
\  >  i CO ON O  o
1 • • •
w \ Ol 01 o  o
•o
> -/
w
CD CO ON in  o i
0  H ON ON cn on
O ’ 3 • • • •
1 0 01 01 cn o i
•f"5
w
*
0  ' “N
b  €
<  s in  in
\  w co o i
0 o  o O  ON
• • on r -
s  ^ H  H
<D ;±
<  w
m ^
^  §uO g m  in
VO o
<H O  H 01
E > • • co
0) 2 - H  H
< ] w
/-N on in  on o
Ol > -+  NO
<  P +  1 + 1W
in  on co co
H  N  O  C0
H  > o  o  o  o
<  ;± • • • •
H  H  H  H
2 2
<s t • o  o•H E o o 01 01
w 01 01
in VO
CO ON O ON
0 • t o •
■P 0) ON O 00 on
CO V0 [n- V0w
in  ■ o in
in  o 01■p g ON o 00
IS bo O  rH o
• • •
o o o •
cn
K 0
cn P
• 0 o
T3 pPi o 0)
O P S
0 H
o <
Lo
w 
s
e
n
s
i
t
i
v
i
t
y
w
a> CM
H CN cn in r - in cn •ct" iH
O ’ P cn 00 ON CM CM H rH rH
1 0 • • • • • • • • •
•o cn cn CM CM O cn cn cn cn
X /« \
u  >  E CM CM rH cn CM
\  ;±  E r^ - r^ - h -
-  \ • • • • •
U) *0 CM CM CM CM CMv -/
m
w <D in VO r - in O
p H m CM ON CM CM
0 O p • t • • •
•H O ’ 0 cn cn CM cn cn
+> 1 "<r>
P
H
0 0  <—*
U3 ^  e
<  s O O in o in
S cn O ON ON n -
P 0 CM CM o H H
0 • • • • •
<H s  > H H rH H rH
0 0)
u <  w
0
H
£
O *  ~
^  §u iO  E in O in in o in O in in
0 VD co o ON in in
<H CM CM o o H H H rH rH
E > • • ' • • • • • • •
d 0  ;± H rH H H o H rH H rH
-P <
d
Q
✓""S
H CM > r - CO 00 OS 00 O cn CM VO CM n - in cn
d <  P CM H H H H CM CM H
+>H
N-S + 1 1 1 1 1 + + i i 1 i +
H
0
E oo CO m in CM rH m CM CM oo O
•H H  > H H VO VO cn o n - VD CM CO rH cn
U < 2 - CM CM CM CM o H O o H CM CM H CM rH
0 w • • • • • • • rH • • • • • •
Ph H rH rH H H rH H rH H H H rH H
rS
W in/*N rH CM
1 •H ■<! O O • • •
e CM CM o ON O
• CM H CM
H
CM VO VO
w o ON ON
0) 0 • oo • O •
r-f +> P o r^. ON CO
,o w CO VO r -
6h
O O VO CO ON in 00 O
O CM 00 O H CM ON CM CM
£  £ O O ON O CM O ON O O|S bO rH H O H O H o H rH
• • • • • • • • •
o O o O o O o O o
cn on cn cn
• 0 0 0 o
TJ d d d d
PH 0 0 o 0
o d d d d
H U ri o
< o !§
/
c
o
n
t
i
n
u
e
d
Ta
bl
e 
21
. 
(c
on
ti
nu
ed
)
W
V
Q* H NO A- O
1 P CM CM CA ON
0 • • • •
•o CM
LA O ONJ s
W >  S CA H CA CA CA
\  s A- a - O O O
-  \ • • • t •
10 *o CM CM o o o>w/
w
0) LA ON CM A- NO
H IA H LA CM A-O 0 • • • • •
O’ 0 CM CA CM
1 *n>—✓
O /“>k. fl
£  1 LA LA a a
\  ^ CA IV H a ONo ON H CA LA A-
<H O • • H ts > O H LAO CM
<! H
a ^
*  § IA O a acO S NO A- 1^ CA
X ' - ' LA LA CM co
<h ~ . • • V.H
B > H H
0 ;±
< v
/—s
CM > CO 00 CA CA
<  fl H LA H H
+ 1 + +
/—s CA LA H NO
H  > ON NO LA
<3 ;± LA ON H LA
• • • •
H o H H
*-s LA LA
•H <C H Hg • • O O Ow O O CM CM CM
CM CM/-N
w LA
0 O O CO H NO
•P Q) VO 1 • O • NOW LA H CM
A- O
H
CA VO NO co
CA O O CA
p  B ON O O 00
Is fao O H H O• • • •
o O O o
CA
O
• CA cd
V 0 o
Ph tf cd
O o o
cd B
0 H
o <
•p
•H
>
•rl
•P
•rl
W
P0)
W
£O
APPENDIX A.
Thermodynamic and Thermochemical Functions:
From the First Law of thermodynamics (U = Q-W) , the 
Internal or Total Energy (U) of a system can be thought of as 
the sum of the kinetic and potential energies of the molecules 
comprising the system. If in changing from an initial to 
a final state, the system performs work against mechanical 
or other forces, the heat effect accompanying the change
\
is not equal to the total energy change. If the work term 
(W) is restricted to the expansion or contraction of the system 
under a finite pressure; then:
W = pAV
and;
Heat absorbed (Q) = AU + pAV
= Ah
where;
H = U + pV
= Enthalpy or Heat Content 
of the system.
Enthalpy is a function of state, and AH depends only 
on the initial and final states of the system. As a corollary, 
it follows that thermochemical equations can be treated 
algebraically (Hessfs Law).
For processes at constant temperature and pressure the
Gibbs Free Energy (G) is defined by the relationship:
G = H - TS
where:
T = absolute temperature 
S = entropy
The measured enthalpy change for the process is therefore 
given by:
AH = AG + TAS
The standard Gibbs Free Energy change is related to the 
equilibrium constant (K) for the process, by the expression:
AG° = - R.T InK.
If the process occurs at constant pressure, the equilibrium 
constant is related to the enthalpy change by the vanft Hoff 
equation:
d In K/dT = AH/RT2
The Clausius-Clapeyron equation is a special case of this 
expression in which the equilibrium constant is replaced by 
equilibrium vapour pressure (p) to give:
d In p/dT = AH /RT2 
e vap
If AH is considered constant over a limited range of temperature 
the integrated form of these equations becomes:
Ah
InK (or lnp) = - + C
which is extensively used in the evaluation of AH from the
temperature variation of K or p. However over a wider range 
of temperature, AH is not constant, and Kirchoff*s equation 
relates this change to the heat capacity at constant 
pressure (Cp).
i.e. dAH/dT = AC .
P
Definitions:
Heat of Reaction (AH^) is the difference between the enthalpies 
of the reactants and the products.
For exothermic reactions AH is negative.
For endothermic reactions AH is positive.
Under conditions of 1 atm and 25°C, AH is the Standard Heat of 
Reaction and is written as AH°.
Heat of Formation (AH°) is the standard heat of reaction which 
produces one mole of a compound from its elements in their 
equilibrium states.
Heat of Solution (AHso^n ) is the enthalpy change accompanying 
the dissolving of one mole of a solute in a very large amount 
of solvent, at a given temperature.
Heat of Dilution is the enthalpy change accompanying the 
dilution of a solution.
Heat of Solvation (AH ^v ) is the enthalpy change accompanying 
the transfer of one mole of gas at 1 atm. into a very large 
amount of solvent at 1 atm.
Heat of Sublimation (AH i-s ‘k*ie enthalpy change when one
mole of a solid is converted to the gaseous state at a given
temperature. For liquids, this heat effect is known as the
Heat of Vaporization (AH ).
vaP
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